Wpływ wybranych grup organizmów na funkcjonowanie mikrobiologicznej sieci troficznej w ekosystemie torfowiskowym by Niedźwiecki, Michał
  
 
Uniwersytet Przyrodniczo - Humanistyczny  
w Siedlcach 
Wydział Przyrodniczy 
 
Michał Niedźwiecki 
 
Wpływ wybranych grup organizmów na funkcjonowanie mikrobiologicznej 
sieci troficznej w ekosystemie torfowiskowym 
The effect of selected groups of organisms on the functioning of the microbial trophic 
network in the peat ecosystem 
 
Praca doktorska 
Doctoral thesis  
 
Praca wykonana w 
Katedrze Hydrobiologii i Ochrony Ekosystemów 
Uniwersytetu Przyrodniczego w Lublinie 
Promotor: Prof. dr hab. Tomasz Mieczan 
Promotor pomocniczy: dr hab. Małgorzata Adamczuk, prof. nadzw. 
 
 
 
Siedlce, 2018 
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Podziękowania: 
Składam serdeczne podziękowania dla mojego promotora prof. dr hab. Tomasza Mieczana za 
wszechstronną pomoc udzielaną mi podczas powstawania tej pracy, a także za życzliwość i trud opieki 
nade mną. Dziękuję również promotorowi pomocniczemu dr hab. Małgorzacie Adamczuk za 
wielokrotnie okazywaną pomoc i merytoryczne uwagi. 
 
Podziękowania składam również: 
Pracownikom Katedry Hydrobiologii i Ochrony Ekosystemów UP w Lublinie za wsparcie duchowe i 
miłą atmosferę. 
Na koniec dziękuję żonie i rodzinie, na których zawsze mogłem polegać i którzy musieli znosić moją 
nieobecność. 
 
Oświadczenie promotora pracy doktorskiej 
3 
 
Oświadczenie promotora pracy doktorskiej 
 
 
Oświadczenie autora pracy doktorskiej 
4 
 
Oświadczenie autora pracy doktorskiej 
 
 
Oświadczenia współautorów 
5 
 
Oświadczenia współautorów 
1. Niedźwiecki M., Mieczan T., Adamczuk M. 2016. Ecology of testate amoebae (Protists) 
in Sphagnum-dominated peatbog and relationhip between species assemblages and 
environmental parameters. Oceanological and Hydrobiological Studies, 45: 344-352.* 
(Liczba punktów wg MNiSW:15, IF: 0,519). 
Mój wkład w powstanie tej pracy polegał na pobieraniu prób w terenie, analizach 
laboratoryjnych, identyfikacji taksonomicznej ameb skorupkowych, znaczącym udziale w 
interpretacji wyników i przygotowaniu wstępnej wersji artykułu. Mój udział w powstaniu 
tej pracy szacuję na 45%. 
Udział pozostałych autorów:  
Mieczan Tomasz - 30% 
Adamczuk Małgorzata - 25% 
2. Niedźwiecki M., Mieczan T. 2016. Vertical micro-distribution of testate amoebae and 
ciliates in Sphagnum dominated peatland. Teka Komisji Ochrony i Kształtowania 
Środowiska Przyrodniczego, 13: 41-49.* 
(Liczba punktów wg MNiSW: 8). 
Mój wkład w powstanie tej pracy polegał na pobieraniu prób w terenie, analizach 
laboratoryjnych, identyfikacji taksonomicznej ameb skorupkowych i orzęsków, 
znaczącym udziale w analizach statystycznych i interpretacji wyników oraz 
przygotowaniu treści artykułu. Mój udział w powstaniu tej pracy szacuję na 80%.  
Udział pozostałych autorów: Mieczan Tomasz - 20% 
3. Mieczan T., Niedźwiecki M., Adamczuk M., Bielańska-Grajner I. 2015. Stable isotope 
analyses revealed high seasonal dynamics in the food web structure of a peatbog. 
International Review of Hydrobiology, 100: 141-150.* 
(Liczba punktów wg MNiSW: 20, IF: 1,459). 
Mój wkład w powstanie tej pracy polegał na udziale w opracowywaniu hipotez, 
pobieraniu prób w w terenie i ich przygotowywaniu do analiz laboratoryjnych, 
interpretacji wyników i przygotowaniu wstępnej wersji artykułu. Mój udział w powstaniu 
tej pracy szacuję na 45%.  
Udział pozostałych autorów:  
Mieczan Tomasz - 45% 
Adamczuk Małgorzata - 5% 
Bielańska-Grajner Irena - 5% 
Oświadczenia współautorów 
6 
 
4. Mieczan T., Niedźwiecki M., Tarkowska-Kukuryk M. 2015. Effect of rotifers, copepods 
and chironomid larvae on microbial communities in peatlands. European Journal of 
Protistology, 51: 386-400.* (Liczba punktów wg MNiSW 30, IF: 2,553). 
 Mój wkład w powstanie tej pracy polegał na znaczacym udziale w wypracowaniu 
hipotez i przeprowadzeniu doświadczenia, interpretacji wyników i analizach 
statystycznych. Mój udział w powstaniu tej pracy szacuję na 45%.  
Udział pozostałych autorów: 
Mieczan Tomasz - 45% 
Tarkowska-Kukuryk Monika - 10% 
5. Niedźwiecki M., Adamczuk M., Mieczan T. 2017.Trophic interactions among the 
heterotrophic components of plankton in man-made peat pools. Journal of Limnology, 
76: 524-533.*  
(Liczba punktów wg MNiSW 25, IF: 1,277). 
Mój wkład w powstanie tej pracy polegał na opracowaniu hipotez i koncepcji pracy, 
pobieraniu prób w terenie, analizach laboratoryjnych, znaczącym udziale w analizach 
taksonomicznych, interpretacji uzyskanych wyników oraz przygotowaniu treści artykułu. 
Mój udział w powstaniu tej pracy szacuję na 80%.  
Udział pozostałych autorów:  
Adamczuk Małgorzata - 10% 
Mieczan Tomasz - 10% 
 
 
 
 
 
 
 
*Badania finansowane przez Narodowe Centrum Nauki w ramach realizacji projektu 
badawczego p.t. „Wpływ mechanizmów kontroli "bottom-up" i "top-down" na dynamikę i 
różnorodność pierwotniaków w ekosystemach torfowiskowych (eksperymenty 
mezosystemowe)”, nr 2012/05/B/NZ8/01263, kierownik projektu: Prof. dr hab. Tomasz 
Mieczan.
 
Streszczenie w języku polskim 
7 
 
Streszczenie w języku polskim 
Celem pracy było poznanie składu taksonomicznego i obfitości ameb skorupkowych i 
orzęsków oraz analiza ich rozmieszczenia i dynamiki sezonowych zmian, z uwzględnieniem 
mikrosiedliskowego zróżnicowania torfowisk. Analizowano również przynależność do 
poszczególnych grup troficznych oraz rolę tych organizmów w funkcjonowaniu pętli 
mikrobiologicznej. Podjęto również próbę określenia wpływu czynników abiotycznych i 
biotycznych na występowanie tych mikroorganizmów. Założono, że: (i) czynniki fizyczno-
chemiczne siedliska mogą mieć istotny wpływ na obfitość oraz strukturę zespołów ameb 
skorupkowych i orzęsków; (ii) zróżnicowanie mikrosiedliskowe torfowisk oraz 
zróżnicowanie gatunkowe mszaków wpływa na obfitość, strukturę gatunkową i różnorodność 
zespołów pierwotniaków; (iii) presja drapieżnicza metazoa i makrobezkręgowców powoduje 
spadek obfitości pierwotniaków oraz zmiany struktury ich zespołów, która może być 
szczególnie wyraźna w okresie letnim, ponieważ według „metabolic theory” (Brown i in. 
2004) wzrost temperatury wzmacnia wpływ mechanizmu regulacji typu „top-down”; (iiii) 
wzrost żyzności siedliska powoduje nasilenie oddziaływań o charakterze kaskady troficznej, 
czyli relacji troficznych pomiędzy pierwotniakami a skorupiakami, wrotkami oraz larwami 
owadów. 
Założone cele były realizowane w oparciu o badania „in situ” oraz „ex situ”. Wyniki 
badań pozwoliły określić czynniki wpływające na strukturę gatunkową i pionowe 
rozmieszczenie ameb skorupkowych oraz ich zmienność sezonową w torfowisku 
zdominowanym przez torfowce (Sphagnidae). Najwyższe bogactwo gatunkowe ameb 
odnotowano w wilgotnych zagłębieniach porośniętych przez Sphagnum angustifolium, 
najniższe zaś w mikrosiedliskach zdominowanych przez Polytrichum sp. Rozmieszczenie 
ameb w ekosystemach torfowiskowych było również zróżnicowane mikrowertykalnie. 
Wykazano, że najchętniej zasiedlane były dolne, silnie wilgotne części mchów. W wyższych, 
bardziej suchych częściach tych roślin bogacwo gatunkowe i liczebność pierwotniaków były 
znacznie niższe. Określono również preferencje pokarmowe najbardziej pospolitego gatunku 
ameby Hyalosphenia papilio w powiązaniu z sezonową dynamiką zmian jej potencjalnego 
pokarmu. Próbowano znaleźć odpowiedź na pytanie czy poziom 13C i 15N w producentach 
pierwotnych i konsumentach sieci troficznej torfowisk wykazuje istotną sezonową 
zmienność? Poziom izotopów w poszczególnych komponentach sieci troficznej wykazywał 
wyraźne zróżnicowanie sezonowe, co najprawdopodobniej było konsekwencją zmienności 
parametrów fizyczno - chemicznych w poszczególnych mikrosiedliskach. Wykazano również 
istotną rolę miksotrofii w odżywianiu H. papilio. Podczas badań zauważono istotny wpływ 
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larw chironomidae, wrotków i widłonogów na mikroorganizmy w ekosystemach 
torfowiskowych. Mogą one prawdopodobnie kontrolować łańcuch pokarmowy od góry 
piramidy troficznej. Jednocześnie poprzez ekskrecję, larwy chironomidae kontrolują pętlę 
mikrobiologiczną od dołu sieci pokarmowej wzbogacając siedlisko w substancje odżywcze. 
Najsilniejsze oddziaływania organizmów z wyższych poziomów troficznych zaobserwowano 
wiosną i latem co jest zgodne z „methabolic theory” (Brown i in. 2004). Analizą zostały 
również objęte zagłębienia w torfowiskach powstałe po wydobyciu torfu w różnych typach 
torfowisk. Wykazano, że w zależności od typu torfowiska zbiorniki te znacząco różniły się 
parametrami fizyczno – chemicznymi wody, co mogło wpływać na skład, liczebność, 
biomasę i rozmieszczenie dominujących gatunków pierwotniaków. Największe 
zróżnicowanie ilościowe i jakościowe wykazywały bakterie i pierwotniaki, a najmniejsze 
metazooplankton. W każdej torfiance wyróżniono pięć funkcjonalnych grup troficznych 
organizmów. Badane czynniki środowiskowe miały niewielki wpływ na organizmy z 
niższych funkcjonalnie grup troficznych (bakterie, heterotroficzne nanowiciowce HNF i 
orzęski żywiące się bakteriami i HNF). Grupy te wykazywały wysoką stabilność we 
wszystkich typach torfianek. Organizmy z wyższych funkcjonalnie grup troficznych 
(skorupiaki, wszystkożerne i drapieżne orzęski, wioślarki, widłonogi) były pod silnym 
wpływem zmiennych środowiskowych i wykazywały znacznie niższą stabilność. 
Słowa kluczowe: torfowiska, ameby skorupkowe, mikrobiologiczne sieci troficzne 
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Streszczenie w języku angielskim 
The aim of the study was to understand the taxonomic composition and abundance of 
testate amoebae and ciliates, and to analyze their distribution and dynamics of seasonal 
changes, taking into account the microhabitat diversity of peatlands. The affiliation to 
particular trophic groups and the role of these organisms in the functioning of the 
microbiological loop were also analyzed. An attempt was also made to determine the impact 
of abiotic and biotic factors on the occurrence of these microorganisms. It was assumed that: 
(i) the physio-chemical factors of the habitat can have a significant impact on the abundance 
and structure of testate amoebae and ciliates; (ii) microhabitats diversity of peatlands and 
species diversity of the mosses affects the abundance, species structure and diversity of 
protozoan communities; (iii) predatory pressure of metazoa and macroinvertebrates results in 
a decrease in protozoa abundance and changes in the structure of their communities, which 
may be particularly pronounced during the summer, because according to "metabolic theory" 
(Brown et al. 2004) temperature increase strengthens the influence of the “top-down“ 
mechanism; (iiii) increase in the fertility of the habitat causes intensification of the so-called 
trophic cascade, or trophic relationships between protozoa and crustaceans, rotifers and insect 
larvae. 
The assumed objectives were examined on the basis of "in situ" and "ex situ". The 
results allowed to determine the factors affecting the species structure and horizontal 
distribution of the amoebae and their seasonal variability in the peatland dominated by 
sphagnum (Sphagnidae). The greatest species richness of amoebae was recorded in moist 
hollows sprouted by Sphagnum angustifolium. The distribution of amoeba in peat ecosystems 
is also microvertically differentiated. It was showed that the most moist, parts of mosses are 
settled. In higher, drier parts of these plants, the species richness and abundance were much 
smaller. The food preferences of the most common amoeba species Hyalosphenia papilio 
were also determined in connection with the seasonal dynamics of changes in its potential 
food. An attempt was made to find an answer to the question whether the level of 13C and 
15N in primary producers and consumers of the peat bog trophic food web shows significant 
seasonal variability? The level of isotopes in individual components of the trophic network 
showed a clear seasonal differentiation, which was most probably a consequence of the 
variability of physical and chemical parameters in individual microhabitats. The role of the 
mixotrophy of H. papilio was also found. During research, a particularly noticeable effect of 
chironomidae larvae, rotifers and copepods on microorganisms in peat ecosystems was 
noticed. They can probably control the food chain from the top of the trophic network. At the 
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same time, through excretion, the chironomidae larvae control the microbial loop from the 
bottom of the food web, enriching the habitat with nutrients. The strongest effects of 
organisms from higher trophic levels were observed in spring and summer, which is 
consistent with "methabolic theory" (Brown et al., 2004). The analysis covered also the peat 
pools in peatlands created after peat extraction. It was shown that depending on the type of 
bog, these reservoirs are significantly differed in the physical and chemical parameters of 
water, which may affect the composition, abundance, biomass and distribution of dominant 
species of protozoa. Bacteria and protozoa showed the greatest quantitative and qualitative 
diversity, and the smallest metazoplankton. Five functional trophic groups have been 
distinguished in each peat bog. The environmental studied factors had little effect on 
organisms from functionally lower trophic groups (bacteria, heterotrophic nanoflagellates 
(HNF), ciliates feeding on bacteria and HNF). These groups showed high stability in all types 
of peat pools. Organisms from functionally higher trophic groups (naupli, omnivorous and 
carnivorous ciliates, cladocerans, adult copepods and copepods) were strongly influenced by 
environmental variables and showed significantly lower stability. 
Key words: bogs, testate amoebae, microbiological trophic webs. 
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1. WSTĘP 
Torfowiska należą do rzadkich w skali Europy elementów naturalnego krajobrazu. 
Stanowią bardzo cenne pod względem przyrodniczym siedliska zagrożonych gatunków flory i 
fauny (Tobolski 2003, Herbichowa i Potocka 2004). Istotną rolą, jaką przypisuje się 
torfowiskom jest ich zdolność do akumulowania węgla atmosferycznego (Clymo i in. 1998). 
Są to układy dynamiczne, zmieniające się wraz ze zmianami stosunków wodnych. Trwale 
nawodnione torfowiska posiadają zdolność ciągłego akumulowania materii organicznej i 
węgla atmosferycznego (Kiryluk 2013), jednak w dobie aktualnych zmian klimatycznych oraz 
intensyfikacji antropogenicznych przekształceń krajobrazu, torfowiska podlegają 
intensywnym zaburzeniom, które prowadzą do wielu niekorzystnych zjawisk, w tym emisji 
gazów cieplarnianych (Bragazza i in. 2011). Torfowiska są niezwykle interesującym 
obiektem badań ekologicznych, zarówno współczesnych jak i odnoszących się do przeszłości 
ekosystemów (Booth 2002, Payne 2011). Jednocześnie należą do najszybciej zanikających i 
najbardziej zagrożonych ekosystemów w Europie. Jest to szczególnie niepokojące w 
połączeniu z postępującym ociepleniem klimatu (Robson i in. 2005). Ekosystemy 
torfowiskowe są obecnie dobrze poznane pod względem fitocenotycznym. Świat 
mikroorganizmów jest słabiej poznany, aczkolwiek coraz więcej uwagi poświęca się 
badaniom zmierzającym do określenia roli mikroorganizmów w pętli mikrobiologicznej 
torfowisk (Gilbert i in. 1998, Mieczan i Tarkowska-Kukuryk 2013). 
Sieci pokarmowe są dobrze poznane w ekosystemach wodnych (Beaver i Crisman 
1982, Güde 1986). Obecnie wiadomo, że funkcjonują one poprzez ukierunkowanie energii i 
strumienia materii między różnymi zespołami organizmów zorganizowanymi w dwa 
łańcuchy: pętlę mikrobiologiczną i klasyczny łańcuch troficzny. Pętla mikrobiologiczna to 
specyficzny układ zależności pokarmowych pomiędzy bakteriami i heterotroficznymi 
bezkręgowcami (Azam i in. 1983), a ich rola polega na odzyskiwaniu węgla i składników 
odżywczych i przeniesieniu ich na wyższe poziomy klasycznego łańcucha troficznego. 
Relacje pomiędzy poszczególnymi poziomami klasycznego łańcucha pokarmowego w 
wodach słodkich i słonych są dobrze poznane i wskazują, że zespoły organizmów tworzące 
pętlę mikrobiologiczną podlegają dwóm mechanizmom kontroli: od podstawy piramidy 
troficznej (regulacja „bottom-up”) poprzez dostępność zasobów pokarmowych, i od szczytu 
piramidy troficznej (regulacja „top down”) poprzez presję pokarmową ze strony wrotków 
oraz skorupiaków. Pomimo tego, że koncepcja mechanizmów kontroli zespołów 
mikroorganizmów jest powszechnie przyjmowana w ekologii, nadal nie przesądza ona 
definitywnie, który z mechanizmów regulacji i w jakich warunkach wpływa na kształtowanie 
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się struktury jakościowej i ilościowej poszczególnych poziomów troficznych pętli 
mikrobiologicznej. Badania dotyczące różnorodności i korelacji między składnikami 
łańcuchów pokarmowych w innych rodzajach ekosystemów, w tym eksystemów 
torfowiskowych, są szczególnie rzadkie. Jak dotąd jedynie fragmentarycznie analizowano 
zależności pomiędzy pierwotniakami a bakteriami w ekosystemach torfowisk. Zupełnie 
brakuje informacji wyjaśniających interakcje pomiędzy pierwotniakami a organizmami 
wyższych poziomów troficznych (wrotkami, widłonogami czy makrobezkręgowcami) w 
powiązaniu z przestrzennym i sezonowym zróżnicowaniem tych ekosystemów. W 
porównaniu z ekosystemami wodnymi, ekosystemy torfowiskowe charakteryzują się 
wysokim stężeniem trudnoprzyswajalnej materii organicznej pochodzącej z rozkładu mchu 
(Rydin i Jeglum 2013). A zatem w ekosystemach torfowiskowych pętla mikrobiologiczna 
może odgrywać znaczącą rolę w przekazywaniu energii z martwej materii organicznej do 
wyższych poziomów troficznych (Jones 1992).  
Istotną grupą mikroorganizmów w ekosystemach torfowiskowych są ameby 
skorupkowe (Bobrov i in. 1999, Jassey i in. 2011). Te organizmy stanowią idealną grupę 
modelową dla badania mikrobiologicznej sieci troficznej ze względu na ich obfitość, 
różnorodność i wszechobecność (Jassey i in. 2013). Ameby skorupkowe są ważnymi 
konsumentami bakterii, wiciowców i glonów oraz uczestniczą w mineralizacji materii 
organicznej i obiegu związków biogennych (Mieczan i in. 2012), a zatem pełnią one ważną 
rolę w przepływie materii i energii w torfowiskach (Mitchell i in. 2003, Nguyen-Viet i in. 
2007). Struktura jakościowa i ilościowa ameb skorupkowych jest dobrze poznana, 
udokumentowany jest również wpływ czynników hydrologicznych i chemicznych na 
sezonowe zmiany tej grupy organizmów (Mitchel i in. 2000, Mieczan 2007, 2012). Brak jest 
jednak informacji, czy sezonowe zmiany dynamiki ameb skorupkowych wpływają na 
strukturę i funkcjonowanie pętli mikrobiologicznej. Zastosowanie metody analizy izotopów 
stabilnych może pomóc zrozumieć, w jaki sposób ameby skorupkowe wpływają na strukturę 
troficzną pętli poprzez określenie ich preferencji pokarmowych, oszacowanie liczebności i 
biomasy ich potencjalnego pokarmu (bakterii i glonów) oraz oddziaływania organizmów z 
wyższych poziomów troficznych (wrotki i widłonogi) w odniesieniu do sezonowej dynamiki 
zmian struktury ilościowej ameb skorupkowych (Wickham 1995a, b). Duży wpływ na 
mikrobiologiczną pętlę troficzną mogą mieć makrobezkręgowce. Niewiele jednak wiadomo 
jak krótkoterminowa (dni, miesiące) zmienność obfitości i składu taksonomicznego 
potencjalnych drapieżników może wpływać na zespoły mikroorganizmów (Brown i in. 2011, 
Mieczan i Tarkowska-Kukuryk 2013). Teoria „kaskady troficznej" opisuje bezpośredni i 
pośredni wpływ drapieżnictwa na wydajność, biomasę i skład niższych poziomów troficznych 
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w ekosystemach słodkowodnych (Carpenter i in. 1985, Shurin i in. 2002, Miyashita i Niwa 
2006). Pętla mikrobiologiczna jest nieodłącznym elementem łańcucha pokarmowego w tych 
ekosystemach (Azam i in. 1983). Ekosystemy torfowiskowe mogą być obficie zasiedlane 
przez wrotki i widłonogi (Francez 1986, Błędzki i Ellison 2003), wydaje się więc, że 
odgrywają one znaczącą rolę w kontrolowaniu obfitości pierwotniaków. Słabo jest również 
rozpoznany wpływ makrobezkręgowców na strukturę niższych poziomów troficznych w 
torfowiskach. Najbardziej rozpowszechnione w torfowiskach są muchówki z rodziny 
Chironomidae (Tarkowska-Kukuryk i Mieczan 2014). Larwy muchówek są dobrze 
przystosowane do niekorzystnych warunków środowiskowych, takich jak okresowe 
wysychanie siedliska, niedotlenienie i niskie temperatury (Lencioni i Rossaro 2005). Mają 
one szerokie spektrum pokarmowe, a skład ich diety zależy w dużej mierze od dostępnych 
zasobów pokarmowych i fenologii (Pinder 1986, Enterkin i in. 2007). Ze względu na ich 
wysokie liczebności, szybki rozwój i żarłoczność, larwy chironomidae mogą odgrywać ważną 
rolę w regulacji niższych poziomów troficznych.  
Badania nad poznaniem roli poszczególnych grup organizmów w funkcjonowaniu 
pętli mikrobiologicznej w ekosystemie torfowiskowym oraz wpływem czynników 
środowiskowych na kształtowanie się struktury jakościowej i ilościowej tych grup pozwoli 
lepiej zrozumieć dynamikę przepływu materii i energii w ekosystemach torfowiskowych, co 
jest szczególnie istotne w obecnym okresie intensywnych przemian tych ekosystemów. 
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2. CEL PRACY I HIPOTEZY BADAWCZE 
Celem badań było poznanie składu taksonomicznego i struktury ilościowej 
wybranych grup organizmów wchodzacych w skład pętli mikrobiologicznej oraz analiza ich 
rozmieszczenia i dynamiki sezonowych zmian z uwzględnieniem mikrosiedliskowego 
zróżnicowania torfowisk. Analizowano również przynależność mikroorganizmów do 
poszczególnych grup troficznych oraz ich rolę w funkcjonowaniu pętli mikrobiologicznej. 
Podjęto również próbę określenia wpływu przestrzennego i sezonowego zróżnicowania 
czynników abiotycznych i biotycznych (głównie organizmów z wyższych poziomów 
troficznych) na funkcjonowanie pętli mikrobiologicznej w ekosystemie torfowiskowym. 
Przeprowadzone badania służyły weryfikacji następujących hipotez: 
Hipoteza 1: struktura przestrzenna siedliska (w tym gradient czynników fizycznych i 
chemicznych w układzie horyzontalnym i mikro-wertykalnym) mają istotny wpływ na 
kształtowanie się struktury jakoścowej i ilościowej poszczególnych składników pętli 
mikrobiologicznej. 
Hipoteza 2: struktura jakościowa i ilościowa poszczczególnych składników pętli 
mikrobiologicznej zmienia się w układzie sezonowym.  
Hipoteza 3: presja drapieżnicza metazoa i makrobezkręgowców wpływa na kształtowanie się 
struktury jakościowej i ilościowej ameb skorupkowych i orzęsków.  
Hipoteza 4: wzrost żyzności siedliska powoduje nasilenie oddziaływań troficznych pomiędzy 
poszczególnymi grupami wchodzącymi w skład pętli mikrobiologicznej i klasycznego 
łańcucha spasania. 
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3. MATERIAŁ I METODY 
3.1. Teren badań 
Badania prowadzono na obszarze trzech torfowisk: Moszne, Jelino (Krugłe Bagno), 
oraz Bagno Bubnów (Ryc. 1). 
Torfowisko Moszne 
Położone jest w zachodniej części Polesia Lubelskiego (Polska Wschodnia, 51° N, 
23° E). Obejmuje ono unikatowe terytorium, które jest miniaturą tundry w jej skrajnie 
południowo - europejskim położeniu. 
 
Ryc. 1. Położenie badanych torfowisk 
Jego granice obejmują najcenniejsze części Poleskiego Parku Narodowego, w tym 
jeziora i terasy zalewowe, a także bagna i torfowiska, które przetrwały do tej pory w 
stosunkowo niezmienionej formie. Roślinność tego obszaru charakteryzuje się obecnością 
wielu rzadkich gatunków, takich jak Scheuchzeria palustris L., Drosera anglica Huds., 
Drosera intermedia Hayne, Salix myrtilloides L. i Salix lapponum L. Licznie występują także 
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Eriophorum vaginatum (L.), Carex acutiformis Ehrhart., Carex gracilis Curt. oraz Sphagnum 
angustifolium (C.C.O. Jensen ex Russow), Sphagnum cuspidatum Ehrh. ex Hoffm., 
Sphagnum flexuosum Dozy & Molk., Sphagnum magellanicum Bird. i Polytrichum sp. Obszar 
ten ma charakter torfowiska wysokiego z przylegającym torfowiskiem o charakterze 
przejściowym. 
Torfowisko Jelino (Krugłe Bagno) 
Znajduje się w południowo zachodniej części Pojezierza Łęczyńsko – Włodawskiego 
w otulinie Poleskiego Parku Narodowego. Jest to zespół kilku małych zagłębień o głębokości 
od 0,6 do 1,5 m i powierzchni do 0,8 ha, powstałych po wydobyciu torfu na początku XX 
wieku (Banach i in. 2014). Obszar ten ma charakter torfowiska przejściowego, a oddalone od 
torfianek fragmenty posiadają cechy torfowiska wysokiego. W skład flory wchodzą głównie 
torfowce (Sphagnidae) oraz nieliczne turzyce. Woda torfianek wykazuje niewielką 
koncentrację związków biogennych oraz niskie pH, co sprzyja rozwojowi roślin 
charakterystycznych dla ekosystemów oligotroficznych (Banach i in. 2013). 
Torfowisko Bagno Bubnów 
Położone jest w zachodniej części Polesia Lubelskiego. W 1994 roku zostało 
włączone w skład Poleskiego Parku Narodowego. Jest to torfowisko niskie wykształcone na 
podłożu wapiennym. Torfowisko jest poprzecinane szeregiem kanałów melioracyjnych 
odprowadzających wodę do rzeki Włodawki. Jest to torfowisko bezleśne, jednak na skutek 
sukcesji jego fragmenty powoli zarastają krzewami i drzewami. Dominują tu szuwary 
wielkoturzycowe oraz płaty trzcinowisk. Na obrzeżach torfowiska wykształciły się zarośla 
wierzbowe, młodniki brzozowe oraz łąki trzęśliskowe i szuwary turzycowe. W zachodniej 
części znajduje się kilka torfianek porośniętych przez pływacza zwyczajnego, grzybienie, 
ramienice, czy grążele (http://www.lto.org.pl/index.php?id=40). 
3.2. Przestrzenne rozmieszczenie składników pętli mikrobiologicznej w ekosystemie 
torfowiskowym 
Aby określić w jaki sposób morfologiczne zróżnicowanie siedliska wpływa na 
strukturę jakościową i ilościową dwóch podstawowych grup organizmów wchodzących w 
skład pętli mikrobiologicznej, orzęsków i ameb skorupkowych, na torfowisku Moszne 
wyznaczono 6 mikrosiedlisk rozmieszczonych wzdłuż transektu biegnącego od centralnej 
części torfowiska do jego okrajka. W każdym mikrosiedlisku próby pobierano w dolince 
mszarnej, na zboczu kopułki i na szczycie kopułki mszarnej. Pobierano mchy (korona, 
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łodyżka wraz z gałązkami odrastającymi i zwisającymi oraz obumarłe dolne fragmenty) z 
podklasy torfowców (Sphagnidae) oraz mchów właściwych (Bryidae) (Ryc. 2).  
 
 
Ryc. 2. Rozmieszczenie mikrosiedlisk  
W celu oceny mikrowertykalnego rozmieszczenia ameb skorupkowych i orzęsków w 
obrębie mchów, każdą próbkę podzielono na dwie części (podpróbki): żywą, zieloną część (0-
5 cm) i martwą (5-10 cm ). W tym celu nakładano cylindryczny pojemnik z PCV a następnie 
przy pomocy ostrego noża odcinano poszczególne części i konserwowano. Wszystkie próbki 
przechowywano w przenośnych lodówkach i w ciągu jednego dnia transportowano do 
laboratorium, gdzie zgromadzone próby mchu ważono, a następnie izolowano z nich 
organizmy poprzez przemywanie na sicie o średnicy oczek 250 μm. Liczebność i skład 
taksonomiczny ameb skorupkowych i orzęsków zostały określone zgodnie z metodyką 
opisaną w rozdziale 3.6. Jednocześnie dokonywano pomiarów głębokości zwierciadła wody, 
temperatury, pH, przewodnictwa elektrolitycznego, stężenia całkowitego węgla organicznego, 
fosforu całkowitego i fosforanów, oraz stężenia azotu azotanowego i azotu amonowego. 
Oznaczono również stężenie chlorofilu a. Pomiary czynników środowiskowych wykonano w 
wodzie interstycjalnej zgodnie z metodyką opisaną w rozdziale 3.7.  
3.3. Sezonowe zmiany w strukturze jakościowej i ilościowej składników pętli 
mikrobiologicznej w ekosystemie torfowiskowym 
W celu określenia sezonowych zmian w strukturze jakościowej i ilościowej 
poszczególnych składników, pobierano próby z 12 dolinek mszarnych, w których dominował 
Sphagnum angustifolium. W każdym sezonie (wiosna, lato, jesień) z każdej dolinki pobierano 
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po sześć prób. Z dolinek pobierano wodę interstycjalną za pomocą rury plexiglas o długości 
0,25 m i średnicy 50 mm. Po napełnieniu rury wodą, była ona zamykana od dołu korkiem, a 
wodę odprowadzano za pomocą szklanej pipety do pojemników. Dodatkowo losowo 
pobierano również 10 g świeżego materiału roślinnego w celu analizy taksonomicznej 
zasiedlających go organizmów. Każda próba materiału roślinnego była wytrząsana przez 1 
minutę, a następnie przemywana na sicie o średnicy oczek 250 µm. Zarówno w próbach wody 
interstycjalnej jak i w próbach pobranych z materiału roślinnego określono liczebność i 
biomasę bakterii, sinic, glonów oraz skład taksonomiczny, liczebność i biomasę ameb 
skorupkowych i orzęsków. Natomiast liczebność i biomasę wrotków i widłonogów określono 
w próbach wody interstycjalnej. Wszystkie analizy taksonomiczne zostały wykonane zgodnie 
z metodyką opisaną w rozdziale 3.6. 
Dokonano również analizy preferencji pokarmowych dominującego gatunku ameby 
skorupkowej, Hyalosphenia papilio, według metody opracowanej przez Gilberta i in. (2003). 
Przy pomocy mikroskopu odwróconego przeanalizowano 926 osobników H. papilio pod 
kątem ilości i przynależności taksonomicznej pokarmu w ich tętniczkach trawiących.  
W celu określenia sezonowej dynamiki przepływu materii w sieci troficznej 
dokonano pomiaru bazowego poziomu izotopów δ13C i δ15N u producentów pierwotnych i 
konsumentów według metody opracowanej przez Jassey i in. (2012). W tym celu wykonano 
analizy stabilnych izotopów δ13C i δ15N dla Sphagnum angustifolium, fykoflory (glony i 
sinice), materii organicznej (w tym bakterii), wrotków, widłonogów oraz dominującego 
gatunku ameby skorupkowej Hyalosphenia papilio. Organizmy te zostały izolowane poprzez 
filtrowanie prób kolejno przez siatki o średnicy oczek 100 µm, 40 µm i 11 µm. Dodatkowo, w 
próbach z każdego sezonu wybrano przy użyciu mikropipety około 500 osobników 
Hyalosphenia papilio, około 300 osobników należących do wrotków oraz około 200 
osobników z grupy widłonogów. Każda wyizolowana frakcja organizmów była suszona przez 
24 godziny w 60⁰  C, homogenizowana i poddana analizie na spektrometrze masowym do 
analizy izotopów stabilnych (Isoprime Micromass) z analizatorem elementarnym (Euro 
Vector EA 3024). Kalibratorami były cukier buraczany, siarczan amonu i kazeina. 
Dokładność pomiarów dla izotopów węgla i azotu wyniosła 0,1‰. 
3.4. Wpływ drapieżnictwa na kształtowanie się struktury jakościowej i ilościowej 
poszczególnych składników pętli mikrobiologicznej w ekosystemie torfowiskowym 
W celu analizy wpływu potencjalnych drapieżników (wrotków, skorupiaków oraz 
larw Chironomidae) na funkcjonowanie mikroorganizmalnych sieci troficznych wykonano 
serię eksperymentów terenowych. Doświadczenia zostały przeprowadzone wiosną (7-20 
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maja) i latem (14-27 lipca) 2013 roku. Dwanaście pojemników o pojemności 30 litrów 
umieszczono w dolinkach mszarnych. W każdym terminie przeprowadzono sześć wariantów 
eksperymentalnych: trzy warianty kontrolne, w których pojemniki były wypełnione 
niefitrowaną wodą z torfowiska i trzy warianty eksperymentalne, w których pojemniki były 
wypełnione wodą z torfowiska przefiltrowaną przez siatkę planktonową o średnicy oczek 50 
µm w celu usunięcia potencjalnych drapieżników. Aby zachować warunki podobne do 
naturalnych, do pojemników dodano 10 g mokrej masy dominującego w zagłębieniach S. 
angustifolium. Przed dodaniem mchu do pojemników w wariancie eksperymentalnym był on 
kilkukrotnie przepłukiwany wodą i wytrząsany. Woda użyta do przepłukiwania została 
pobrana z dolinek mszarnych i przefiltrowana przez siatkę 10 µm. Ameby skorupkowe i 
orzęski wykorzystane w wariancie eksperymentalnym pozyskano poprzez wytrząsanie i 
przepłukiwanie mchów w wodzie a następnie przy pomocy mikroskopu i mikropipety 
pobrano je w ilościach zbliżonych do obserwowanych w wariancie kontrolnym na początku 
eksperymentu. W celu ustabilizowania warunków środowiskowych organizmy te wpuszczono 
do pojemników po 24 godzinach od założenia eksperymentu. Aby określić zmiany 
liczebności i składu taksonomicznego poszczególnych grup organizmów w 2 wariantach 
eksperymentu pobierano codziennie próby przy pomocy rury o średnicy 50 mm i długości 
0,15 m. Do analiz taksonomicznych, każdą próbę wytrząsano przez 1 minutę i sączono przez 
siatkę o średnicy oczek 250 µm. Wszystkie próby pobrane dla danego wariantu eksperymentu 
zlewano do uzyskania końcowej objętości 40 ml (Jassey i in. 2013). Liczebność bakterii, 
heterotroficznych wiciowców, ameb skorupkowych i orzęsków oraz stężenie chlorofilu a 
analizawano codziennie przez okres 14 dni, natomiast liczebność mikroflory (glonów i sinic), 
wrotków, skorupiaków i larw Chironomidae analizowano na początku i na końcu trwania 
eksperymentu. Analizy taksonomiczne wykonano zgodnie z metodyką opisaną w rozdziale 
3.6. Analizę stężenia chlorofilu a wykonano zgodnie z metodą opisaną w rozdziale 3.7. 
Dokonano również analizy zawartości przewodów pokarmowych larw Chironomidae. Z 
każdego pojemnika pobrano co najmniej 10 larw, które przepłukiwano w celu usunięcia 
wszelkich zanieczyszczeń z ich powierzchni, dekapitowano i rozcinano wzdłuż ciała, a 
następnie umieszczono w probówkach Eppendorf napełnionych przefiltrowaną wodą (filtr 
GF/C). Następnie probówki umieszczano w wytrząsarce na 20 minut w celu usunięcia 
zawartości z przewodu pokarmowego. W celu identyfikacji, roztwory z jelit umieszczono w 
10 ml komorze do zliczania, a następnie napełniono filtrowaną wodą (GF/C) i 
sedymentowano przez 24 godziny. Zawartość przewodów pokarmowych zidentyfikowano, 
zliczono i zmierzono pod mikroskopem odwróconym wyposażonym w skalibrowany 
mikrometr. Liczebność mikroorganizmów została określona przy użyciu DAPI. Względną 
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biomasę glonów, orzęsków, ameb skorupkowych i wrotków obecnych w przewodach 
pokarmowych oceniono jako stosunek procentowy całkowitej masy komórek każdej grupy 
organizmów do całkowitej masy zidentyfikowanej treści pokarmowej cząstek zebranych na 
szkiełku. 
3.5. Struktura jakościowa i ilościowa składników pętli mikrobiologicznej w różnych 
typach torfowisk 
Aby ocenić, czy żyzność siedliska wpływa na funkcjonowanie pętli 
mikrobiologicznej, porównano kształtowanie się struktury jakościowej i ilościowej 
poszczególnych jej komponentów w ekosystemie torfowiska wysokiego, przejściowego i 
węglanowego. Badania prowadzono w torfiankach. Próby pobierano raz w miesiącu od 
kwietnia do listopada w 2013 i 2014 roku. Próby do analiz ilościowych bakterii i 
heterotroficznych wiciowców pobierane były z objętości 100 ml, w trzech powtórzeniach. W 
celu określenia struktury jakościowej i ilościowej orzęsków 5 l wody sączono przez siatkę 
planktonową o średnicy oczek 10 µm i zagęszczono do objętości 0,5 l, a nastepnie utrwalono 
płynem Lugola do końcowego stężenia 0,2%. Do analiz taksonomicznych wioślarek i 
widłonogów pobierano łącznie dwie próby o objętości 5l i sączono przez siatkę planktonową 
o średnicy oczek 40 µm a następnie utrwalano płynem Lugola. Wszystkie analizy 
taksonomiczne wykonano zgodnie z metodyką opisaną w rozdziale 3.6. 
Analizowano również parametry fizyczno – chemiczne wody: temperaturę, stężenie 
tlenu rozpuszczonego, przewodnoctwo elektrolityczne i pH, stężenie całkowitej zawiesiny 
rozproszonej, chemiczne i biochemiczne zapotrzebowanie na tlen, stężenie całkowitego węgla 
organicznego oraz stężenie fosforu całkowitego, fosforanów, azotanów i zawartość chlorofilu 
a metodami opisanymi w rozdziale 3.7. 
3.6. Analizy taksonomiczne 
Bogactwo i strukturę ilościową glonów i sinic oznaczono używając mikroskopu 
prostego i komory planktonowej (poj. 1 ml). Biomasę mikroglonów określono na podstawie 
objętości komórek (Hillebrand i in. 1999), oznaczono również przynależność taksonomiczną 
glonów (Van den Hoek i in. 1995). Liczebność i biomasa bakterii została oznaczona przy 
użyciu DAPI-4,6-diamino-2-fenyloindolu (Porter i Feig 1980). Próbki wody o objętości 10 ml 
zostały utrwalone formaliną do końcowego stężenia 2% i przechowywane w ciemności w 
temperaturze 4°C, w ciągu 24 godzin wykonano oznaczenia. Podpróbki o objętości 2 ml 
zostały zagęszczone na filtrach poliwęglanowych barwionych Irgalan black (średnica porów 
0,2 µm). Do określenia całkowitej liczebności i biomasy bakterii użyto mikroskopu 
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epifluorescencyjnego przy 1250 krotnym powiększeniu. Liczbę i biomasę nanowiciowców 
określono za pomocą roztworu primuliny. 10 ml wody pobierano do ciemnych 
sterylizowanych butelek, próbki zakonserwowano roztworem formaliny do końcowego 
stężenia 2% i przechowywano w ciemności w temperaturze 4°C. Z każdej próbki wykonano 
cztery preparaty. Próbki o objętości 10 ml filtrowano na czarnych filtrach Nucleopore o 
wielkości porów 0,8 μm. Skład taksonomiczny, liczebność i biomasę glonów, orzęsków i 
ameb skorupkowych oznaczono metodą Utermöhla (Utermöhl 1958). Do identyfikacji 
taksonomicznej ameb skorupkowych i orzęsków używano niekonserwowanych prób, 
natomiast liczebność określano w próbach z dodatkiem płynu Lugola po 24 godzinnej 
sedymentacji. Do identyfikacji taksonomicznej wykorzystano klucze Odgen i Hedley (1980), 
Foissner i Berger (1996), Foissner i in. (1999), Charman i in. (2000), Clarke (2003). 
Biomasę mikroorganizmów określano z wykorzystaniem następujących 
przeliczników: heterotroficzne bakterie: 1µm3 = 5.6 x 10-7 mgC, heterotroficzne wiciowce: 
1µm3 = 2.2 x 10-7 mgC, korzenionóżki i orzęski: 1µm3 = 1.1 x 10-7 mgC (Gilbert i in. 1998). 
W celu określenia bogactwa gatunkowego, liczebności i biomasy wrotków, wioślarek i 
widłonogów próbę sączono przez siatkę o średnicy oczek 40 µm i konserwowano roztworem 
formaliny z gliceryną. Do oszacowania biomasy użyto zależności pomiędzy długością ciała i 
jej masą (Dumont i in. 1975, Bottrell i in. 1976). Zawartość węgla w metazoa obliczona była 
przy użyciu współczynnika konwersji 0,48 µg C/µg suchej masy (Andersen i Hessen 1991).  
Larwy Chironomidae pobierane były za pomocą plastikowej rury, która była wciskana w 
wierzchnią warstwę torfu i po napełnieniu wodą zamykana korkiem od dołu. Próbki 
przenoszone były na sito o średnicy oczek 100 µm i przepłukiwane. Larwy Chironomidae 
przenoszone były do plastikowych pojemników i przechowywane w 4% roztworze formaliny, 
po czym były zliczane i oznaczane zgodnie z metodyką Widerholma (1983).  
3.7. Analizy chemiczne 
Wraz z pobieraniem prób biologicznych dokonywano również pomiarów czynników 
środowiskowych. Głębokość zwierciadła wody (DWT) mierzono w skali centymetrowej. 
Temperaturę, pH i przewodnictwo elektrolityczne określono in situ za pomocą miernika 
wieloparametrowego YSI 556 MPV. Stężenie całkowitego węgla organicznego (TOC), 
anionowych związków powierzchniowo czynnych (SUR) oraz biologiczne (BOD) i 
chemiczne (COD) zapotrzebowanie tlenu oznaczono przy użyciu automatycznego 
spektrofotometru PASTEL UV. Fosfor całkowity i fosforany oznaczono metodą 
spektrofotometryczną z molibdenianem amonu według normy PN-EN 6878. Zawartość azotu 
azotanowego oznaczono metodą brucynową (Hermanowicz i in. 1976), a stężenie azotu 
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amonowego oznaczono przy użyciu analizatora przepływowego zgodnie z wymogami ISO 
11732. Chlorofil a oznaczono metodą spektrofotometryczną po ekstrakcji w alkoholu 
etylowym zgodnie z normą PN-ISO 10260. 
3.8. Metody statystyczne 
Do oceny różnic wybranych parametrów fizyczno – chemicznych wody wśród 
badanych siedlisk wykorzystano analizę ANOVA. We wszystkich przypadkach stosowano 
poziom istotności 0,05. Zastosowano test post hoc Tukeya (przy P <0,05) gdy stwierdzono 
znaczące różnice w średnich. Analizę przeprowadzono przy użyciu oprogramowania PAST 
(Hammer i in. 2005). Zastosowano współczynniki korelacji rang Spearmana do oceny 
korelacji wszystkich zmiennych środowiskowych w celu określenia, które zmienne są 
wzajemnie skorelowane. Analizę różnorodności (wskaźnik różnorodności Shannona-Wienera) 
wykonano przy użyciu wielowymiarowego Pakietu statystycznego - MVSP (Kovach 
Computering Services 2002). Wykorzystywano również techniki ordynacyjne w celu 
określenia zależności pomiędzy strukturą ilościową poszczególnych elementów pętli 
mikrobiologicznej a parametrami środowiskowymi. W celu określenia najważniejszych 
zmiennych środowiskowych zastosowano test permutacji Monte Carlo (Lepń i Ńmilauer 
2003). Za istotne uznano zmienne, dla których poziom istotności jest mniejszy niż 0,05. Do 
analiz statystycznych wykorzystywano oprogramowanie: Statistica 8.0, Statistica 7.0., SAS 
(2001), CANOCO 4.5 dla Windows, PAST i MVSP. 
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4. STRESZCZENIE OTRZYMANYCH WYNIKÓW 
4.1. Przestrzenne rozmieszczenie składników pętli mikrobiologicznej w ekosystemie 
torfowiskowym 
Badania wykazały, że ameby skorupkowe charakteryzują się wyraźnym 
przestrzennym zróżnicowaniem taksonomicznym. W badanym torfowisku występowało 
łącznie 45 gatunków ameb skorupkowych. Najczęściej spotykanymi gatunkami ameb były: 
Assulina muscorum, Arcella discoides, Hyalosphenia papilio, Hyalosphenia elegans i 
Archerella flavum. Największe bogactwo taksonomiczne stwierdzono w dolinkach mszarnych 
zdominowanych przez Sphagnum angustifolium, Sphagnum cuspidatum Sphagnum flexuosum 
i Sphagnum palustre. Znacznie mniejszą liczbę taksonów (4-8) zaobserwowano w kępkach 
zdominowanych przez Sphagnum magellanicum i Polytrichum. Bogactwo gatunkowe było 
wyraźnie zróżnicowane wśród torfowców, natomiast wśród Polytrichum skład taksonomiczny 
ameb skorupkowych nie wykazywał większych zmian. Najwyższy wskaźnik różnorodności 
Shannona-Wienera odnotowano w mikrosiedliskach zdominowanych przez Sphagnum 
cuspidatum (H = 2,8), a najniższy w mikrosiedliskach zdominowanych przez Polytrichum (H 
= 0,65). Wyniki nietendencyjnej analizy zgodności wykazały przestrzenne zróżnicowanie 
gatunków. Dolinki mszarne i stoki kopułek zasiedlane były przez takie same zgrupowania 
gatunków, do których należały: Heleoptera sphagnii, Cyclopyxis arcelloides, Hyalosphenia 
papilio, Hyalosphenia elegans, Hyalosphenia ovalis, Heleoptera rosea, Nebela flabellulum, 
Nebela collaris, Centropyxis platystoma, Heleoptera petricola, Amphitrema wrightianum, 
Cyphoderia ampulla, Arcella disoides, Archerella flavum, Nebela carinata, Nebela tincta, 
Nebela parvula i Trigonopyxis arcula. Gatunkami typowymi dla szczytów kopułek były tylko 
Corythion-Trinema i Euglypha ciliata. Kanoniczna analiza korespondencji wykazała, że 
wszystkie zmienne środowiskowe tłumaczą 82,5% wariancji w rozmieszczeniu ameb 
skorupkowych. Test permutacji Monte Carlo wykazał, że najważniejszymi czynnikami 
wpływającymi na przestrzenne rozmieszczenie ameb skorupkowych były: stężenie azotu 
całkowitego (λ = 0,14, F = 1,61, P = 0,001), temperatura (λ = 0,29, F = 1,38, P = 0,002), pH 
(λ = 0,07, F = 0,76, P = 0,025) oraz poziom zwierciadła wody (λ = 0,09, F = 0,56, P = 0,036). 
Analiza korespondencji wykazała również, że przestrzenny układ zgrupowań zmieniał się 
wraz ze zmianami czynników środowiskowych. W okresie letnim czynnikiem, który miał 
największy wpływ na kształtowanie się struktury jakościowej i ilościowej zgrupowań ameb 
skorupkowych było zakwaszenie siedliska. W okresie tym wyższą liczebnością 
charakteryzowały się Assulina seminulum, Arcella disoides, Hyalosphenia elegans, 
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Hyalosphenia subflava, Nebela sp. Wiosną czynnikiem, który miał największy wpływ na 
strukturę zgrupowań ameb skorupkowych było stężenie azotu całkowitego, które korelowało 
z liczebnością Cyphoderia ampulla, Assulina muscorum, Heleoptera petricola, Difflugia 
elegans, Placocista spinosa, Centropyxis platistoma, Difflugia globulosa i Euglypha. Z kolei 
późną wiosną i jesienią podwyższony poziom wody istotnie wpływał na strukturę zgrupowań 
ameb skorupkowych i w tym okresie wyższą liczebność osiągały: Centropyxis aerophila, 
Heleoptera sphagnii, Nebela bohemica, Hyalosphenia ovalis, Hyalosphenia papilio, 
Amphitrema wrightianum, Difflugia leidyi, Heleoptera rosea, Nebela flabellulum, Archerella 
flavum. Szczegółowe wyniki tych badań zostały przedstawione w pracy: Niedźwiecki M., 
Mieczan T., Adamczuk M., 2016. Ecology of testate amoebae (Protists) in Sphagnum-
dominated peatbog and relationhip between species assemblages and environmental 
parameters. Oceanological and Hydrobiological Studies, 45: 344-352. 
Badania wykazały nie tylko zróżnicowanie zgrupowań mikroorganizmów pomiędzy 
dolinkami i kopułkami mszarnymi, ale również zróżnicowanie pionowe w obrębie tych 
mikrosiedlisk, a istotnym czynnikiem wpływającym na ich zasiedlanie w układzie 
wertykalnym był poziom zwierciadła wody, który ulegał znacznym wahaniom na badanym 
torfowisku. Najwyższy poziom wody odnotowano wiosną, a najniższy latem i wahał się on od 
6 (pod poziomem torfu) do 43 cm. Pionowe rozmieszczenie ameb skorupkowych i orzęsków 
kształtowało się proporcjonalnie do uwilgotnienia siedliska. W najniższych (najbardziej 
wilgotnych) częściach mchów odnotowano 34 gatunki ameb skorupkowych i 12 gatunków 
orzęsków, natomiast w wyższych (suchszych) częściach mchów bogactwo gatunkowe tych 
grup wynosiło odpowiednio 15 i 5 taksonów. W górnych, fotosyntetyzujących częściach 
mchów najliczniej występowały Assulina muscorum, Hyalosphenia papilio i Hyalosphenia 
elegans, zaś liczebność spadała wraz ze wzrostem głębokości. W najniższych partiach mchów 
dominantami były Arcella discoides i Archerella flavum. Z kolei mikrosiedliska 
zdominowane przez Polytrichum zasiedlone były przez Assulina muscorum, której liczebność 
nie wykazywała zróżnicowania w układzie mikrowertykalnym. Niezależnie od gatunku mchu 
najwyższą liczebność ameb skorupkowych notowano w miejscach najbardziej wilgotnych. 
Wskaźnik różnorodności Shannona-Wienera wyliczony dla bogactwa gatunkowego ameb 
skorupkowych był niski w górnej części mchów (H=1,0), a w dolnej części mchów 
pozostawał mniej więcej na tym samym poziomie (H=2,3 do 2,8). Również orzęski 
wykazywały wyraźnie wertykalne zróżnicowanie ilościowe i jakościowe wśród torfowców 
(Sphagnum angustifolium, Sphagnum cuspidatum, Sphagnum flexuosum i Sphagnum 
palustre), natomiast było ono słabo zaznaczone w miejscach suchych, zdominowanych przez 
Polytrichum strictum i Sphagnum magellanicum. W najwyższych partiach mchów liczebność 
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była najniższa z dominacją Paramecium, natomiast wraz ze wzrostem głębokości wzrastała 
liczebność i różnorodność, z dominacją Colpidium colpoda, Chilodonella uncinata i 
Cinetochilum margaritaceum. Wskaźnik różnorodności Shannona-Wienera dla bogactwa 
gatunkowego orzęsków wahał się od 1,33 dla najgłębszej części do 0,33 dla zielonej, żywej 
części mchów. Szczegółowe wyniki tych badań przedstawiono w pracy: Niedźwiecki M., 
Mieczan T. 2016. Vertical micro-distribution of testate amoebae and ciliates in Sphagnum 
dominated peatland. Teka Komisji Ochrony i Kształtowania Środowiska Przyrodniczego, 13: 
41-49. 
4.2. Sezonowe zmiany w strukturze jakościowej i ilościowej składników pętli 
mikrobiologicznej w ekosystemie torfowiskowym 
Biomasa poszczególnych grup organizmów była wyraźnie zróżnicowana. Najwyższą 
całkowitą biomasę osiągały ameby skorupkowe (47,6% biomasy wszystkich organizmów 
uwzględnionych w analizach). Drugą co do wielkości grupą były glony i sinice (19,3 %), 
mniejszy udział miały grzyby, bakterie i orzęski (odpowiednio 8, 8,6 i 14,6 %) oraz wrotki i 
widłonogi (1 i 1,6 %). Biomasa wszystkich grup była zróżnicowana sezonowo (ANOVA, F = 
18,5-19,56, P = 0,001). Biomasa fykoflory mieściła się w zakresie od 690±127 µgC g-1 
wiosną do 270±96 µgC g-1 latem. Biomasa grzybów i bakterii była bardzo niska latem 
(odpowiednio 179±127 i 432 µgC g-1), a maksimum osiągała wiosną (390±127 i 790 µgC g-
1
). Ameby skorupkowe charakteryzowały się najwyższą biomasą wiosną i jesienią, i w 
okresach tych zawsze dominowała Hyalosphenia papilio. Orzęski osiągały najwyższą 
biomasę wiosną i latem, kiedy dominowały Chilodonella uncinata i Paramecium bursaria, 
stanowiąc odpowiednio 39 i 19% całkowitej biomasy orzęsków. Najwyższe liczebności 
metazoa notowano również wiosną i latem. Dominowały wówczas Bdelloidea i Habrotrocha 
angusticollis, osiągając 89% całkowitej biomasy metazoa. W badanym torfowisku wykazano 
istotną korelację pomiędzy biomasą bakterii i pierwotniaków wiosną (r = 0,68, P ≤ 0,01), 
natomiast jesienią istotna korelacja występowała pomiędzy biomasą wrotków, widłonogów i 
orzęsków (r = 0,56-0,59, p < 0,01). Analizowano również sezonowe zmiany w strukturze 
jakościowej i ilościowej pokarmu dominującego gatunku ameby skorupkowej Hyalosphenia 
papilio. Wśród zidentyfikowanych cząstek pokarmowych najwyższym udziałem 
charakteryzowały się glony i sinice (47%) oraz orzęski (41%), natomiast grzyby, wrotki, 
widłonogi i małe ameby skorupkowe stanowiły od 1 do 8%. Jednak skład pokarmu 
Hyalosphenia papilio zmieniał się sezonowo, gdyż latem obserwowano istotnie wyższy udział 
glonów i sinic, natomiast wiosną w pokarmie dominowały orzęski. Analizując izotopowy 
skład sieci pokarmowych wykazano, że poziomy izotopów w biomasie fykoflory i Sphagnum 
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angustifolium pozostawały na podobnym poziomie przez cały okres badań. Poziom 13C 
wynosił od 25,1 do 29,6‰, zaś poziom 15N od 0,2 do 7‰ i był wyraźnie wyższy w biomasie 
konsumentów niż producentów pierwotnych wykazując istotną zmienność sezonową. Wiosną 
i latem H. papilio wykazywała znaczne wzbogacenie w 13C w porównaniu z potencjalnym 
składnikiem diety (glony i sinice), natomiast jesienią poziom izotopów był znacznie wyższy 
w biomasie konsumentów, a najniższy w masie materii organicznej i biomasie bakterii. Były 
to jedne z nielicznych badań nad dynamiką sezonową zmian poziomu stabilnych izotopów w 
sieci troficznej torfowiska wysokiego a ich wyniki zostały przedstawione w pracy: Mieczan 
T., Niedźwiecki M., Adamczuk M., Bielańska-Grajner I. 2015. Stable isotope analyses 
revealed high seasonal dynamics in the food web structure of a peatbog. International Review 
of Hydrobiology, 100: 141-150.  
4.3. Wpływ drapieżnictwa na kształtowanie się struktury jakościowej i ilościowej 
poszczególnych składników pętli mikrobiologicznej w ekosystemie torfowiskowym 
W celu określenia wpływu makrobezkręgowców na funkcjonowanie 
mikrobiologicznej sieci troficznej przeprowadzono eksperyment, w którym manipulowano 
liczebnościami wrotków i widłonogów oraz larw Chironomidae. Wśród parametrów 
fizyczno-chemicznych wody pH, przewodnictwo elektrolityczne i stężenia fosforanów nie 
wykazywały istotnych różnic zarówno pomiędzy poszczególnymi wariantami eksperymentu 
jak i sezonami. Znaczące sezonowe różnice odnotowano w przypadku temperatury wody, 
stężenia azotu amonowego i chlorofilu a. Wyniki badań wykazały również istotne różnice w 
strukturze ilościowej poszczególnych grup organizmów pomiędzy wariantami 
eksperymentalnymi. W eksperymencie przeprowadzonym wiosną początkowo dominowały 
wrotki (głównie Bdelloidea, Lecane sp., Brachionus sp. i Keratella quadrata), jednak ich 
liczebność zmniejszała się podczas trwania eksperymentu, a wzrastała liczebność 
glonożernych i drapieżnych widłonogów, które dominowały w jego końcowej fazie 
eksperymentu. Larwy chironomidae osiągały najwyższą liczebność na początku 
eksperymentu, wśród nich dominowały larwy Psectrocladius sordidellus gr. Liczebność 
glonów znacznie wzrastała w końcowych fazach wariantu eksperymentalnego z wodą 
przefiltrowaną (I) w porównaniu z kontrolą (II). W obydwu wariantach pod koniec 
eksperymentu dominowały sinice. Liczebność bakterii w wariantach eksperymentalnych z 
wodą przefiltrowaną i kontrolą była zbliżona. W obydwu wariantach, bakterie osiągały 
najwyższe liczebności na początku doświadczenia. Heterotroficzne wiciowce, ameby 
skorupkowe i orzęski osiągały znacznie wyższe liczebności w wariancie eksperymentalnym 
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(I). Zaobserwowano również przebudowę struktury taksonomicznej zespołów ameb 
skorupkowych i orzęsków. Wyniki badań wykazały znacznie niższą biomasę wszystkich grup 
mikroorganizmów w wariancie kontrolnym zdominowanym przez wrotki, widłonogi i larwy 
chironomidae. Natomiast w wariancie eksperymentalnym I stwierdzono istotnie wyższą 
biomasę heterotroficznych wiciowców, ameb skorupkowych i orzęsków oraz nieznacznie 
wyższą biomasę bakterii i glonów. Niezależnie od sezonu, w którym przeprowadzono 
eksperyment, w wariancie kontrolnym zaobserwowano istotny negatywny związek pomiędzy 
biomasą bakterii i heterotroficznych wiciowców, podczas gdy biomasa orzęsków wykazywała 
silną dodatnią korelację z biomasą glonów, bakterii, ameb, wrotków i larw Chironomidae 
oraz ujemną korelację z biomasą heterotroficznych wiciowców i widłonogów. Ponadto 
wykazano pozytywną zależność pomiędzy biomasą wrotków i bakterii oraz ameb i larw 
chironomidae, a także ujemną korelację między biomasą glonów, widłonogów i larw 
Chironomidae i ujemną korelację pomiędzy biomasami wrotków i heterotroficznych 
wiciowców i widłonogów. Natomiast w wariancie eksperymentalnym I biomasa bakterii 
korelowała pozytywnie z biomasą heterotroficznych wiciowców i negatywnie z biomasą 
orzęsków i wrotków. Biomasa heterotroficznych wiciowców wykazywała pozytywną 
korelację z biomasą ameb skorupkowych i ujemną korelację z biomasą orzęsków. Z kolei 
biomasa ameb skorupkowych korelowała negatywnie z biomasą wrotków. Analiza składu 
diety larw Chironomidae wykazała, że głównym składnikiem ich pokarmu były orzęski, 
których udział wahał się od 19% do 31% wszystkich zidentyfikowanych cząstek 
pokarmowych, oraz ameby skorupkowe, które stanowiły od 28% do 35% cząstek 
pokarmowych. Istotnym składnikiem były również glony, głównie okrzemki stanowiące od 
30% do 47% pokarmu. W ich pokarmie zidentyfikowano również wrotki, ale udział tej grupy 
nie przekraczał 10%. Były to pierwsze badania, które wykazały istotny wpływ larw 
Chironomidae, wrotków i widłonogów na mikroorganizmy w ekosystemie torfowiskowym, a 
ich wyniki zostały przedstawione w pracy: Mieczan T., Niedźwiecki M., Tarkowska-Kukuryk 
M. 2015. Effect of rotifers, copepods and chironomid larvae on microbial communities in 
peatlands. European Journal of Protistology, 51: 386-400.  
4.4. Wpływ żyzności siedliska na funkcjonowanie pętli mikrobiologicznej w 
ekosystemie torfowiskowym 
Aby określić czy żyzność siedliska wpływa na funkcjonowanie pętli 
mikrobiologicznej przeprowadzono badania w torfiankach zlokalizowanych na torfowisku 
wysokim (torfowisko Moszne), torfowisku przejściowym (torfowisko Jelino) oraz torfowisku 
węglanowym (Bagno Bubnów). Torfianki te istotnie różniły się pod względem parametrów 
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fizyczno-chemicznych, takich jak pH, przewodnictwo elektrolityczne, stężenie całkowitego 
węgla organicznego, zawiesiny rozproszonej, a także chemicznym i biochemicznym 
zapotrzebowaniem na tlen. Pomiędzy torfiankami zaobserwowano znaczące różnice w 
strukturze ilościowej bakterii i heterotroficznych wiciowców, które osiągały najniższe 
liczebności w torfiankach na torfowisku wysokim, a najwyższe w torfiankach na torfowisku 
węglanowym. Najwyższe bogactwo taksonomiczne orzęsków obserwowano w torfiankach 
torfowiska węglanowego. Występowało tutaj 20 gatunków orzęsków, a dominował 
Cinetochilum margaritaceum. Najmniej, 13 taksonów orzęsków, występowało w torfiankach 
torfowiska przejściowego, a dominował tutaj Strombidium sp. W torfiankach torfowiska 
wysokiego występowało 18 taksonów orzęsków i dominował Paramecium bursaria. 
Struktura jakościowa metazooplanktonu charakteryzowała się wyraźnymi różnicami 
pomiędzy torfiankami. Liczba gatunków wioślarek wahała się od 13 w torfiankach torfowiska 
wysokiego, w którym dominował Chydorus sphaericus do 22 gatunków w torfiankach 
torfowiska węglanowego, w którym dominowała Alona costata. Widłonogi reprezentowane 
były przez 6-7 gatunków z dominującymi Mesocyclops leuckartii w torfiankach torfowiska 
wysokiego i przejściowego oraz Thermocyclops crassus w torfiankach torfowiska 
węglanowego. Najniższa liczebność wioślarek i widłonogów obserwowana była w 
torfiankach torfowiska wysokiego a najwyższa w torfiankach torfowiska przejściowego. W 
obrębie badanych organizmów wyróżniono 5 funkcjonalnych grup troficznych. Dwie 
pierwsze grupy składały się z bakterii (I) i heterotroficznych nanowiciowców (HNF) (II). Do 
trzeciej grupy należały bakteriożerne i HNF-żerne orzęski (IIIa) i larwalne stadia widłonogów 
(IIIb). Czwarta grupa obejmowała wszystkożerne i drapieżne orzęski (IVa) żerujące na 
grupach I-III i widłonogi (IVb) żerujące na grupach I-IIIa. Piąta grupa składała się z 
wszystkożernych i drapieżnych widłonogów żerujących na grupach IIIa-IV. I i II 
funkcjonalna grupa troficzna wykazywały znaczące różnice w liczebności między torfiankami 
torfowiska węglanowego i przejściowego. Grupy IIIa, IIIb i IVa wykazały mniejsze różnice 
tylko między torfiankami torfowiska węglanowego i wysokiego podczas gdy grupy IVb i V 
różniły się istotnie między torfiankami torfowiska przejściowego i wysokiego. Analiza 
redundancji i test permutacji Monte Carlo wykazały istotny wpływ czynników 
środowiskowych na liczebność poszczególnych funkcjonalnych grup troficznych, a 
największe znaczenie miało stężenie tlenu wpływające na strukturę jakościową i ilościową V 
funkcjonalnej grupy troficznej, temperatura, która wpływała na strukturę grup IIIb i IVb oraz 
zawiesina całkowita i zawiesina rozproszona, która miała istotny wpływ na grupę 
funkcjonalną IVa. Grupy I – IIIa charakteryzowały się najwyższą stabilnością wśród 
wszystkich grup funkcjonalnych. Były to pierwsze kompleksowe badania nad strukturą sieci 
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pokarmowych w torfiankach, a ich wyniki zostały przedstawione w pracy Niedźwiecki M., 
Adamczuk M., Mieczan T. 2017.Trophic interactions among the heterotrophic components of 
plankton in man-made peat pools. Journal of Limnology, 76: 524-533. 
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5. PODSUMOWANIE I WNIOSKI 
1. Wykazano, że czynnikami determinującymi zmiany obfitości poszczególnych 
składników pętli mikrobiologicznej były: wilgotność siedlisk, pH, zawartość w wodzie 
węgla organicznego oraz stężenia związków biogennych. 
2.  Dynamika sezonowa pierwotniaków odzwierciedla zmienny charakter środowiska ich 
życia. Charakterystyczne były więc silne zmiany w poszczególnych sezonach, 
uzależnione od lokalnych zmian właściwości fizyczno-chemicznych i biologicznych 
siedliska. 
3. Mikrowertykalne zróżnicowanie składu taksonomicznego oraz obfitości 
pierwotniaków było wyraźne wśród torfowców, nieznaczne tylko różnice stwierdzono 
w siedliskach zdominowanych przez mchy właściwe. 
4. Po raz pierwszy wykazano istotny wpływ larw Chironomidae i drobnych Metazoa na 
zespoły mikroorganizmów w ekosystemie torfowiskowym. Wpływ ten znajduje swoje 
odzwierciedlenie w spadku liczebności i biomasy pierwotniaków. Drastyczna redukcja 
obfitości ameb skorupkowych i wrotków przez larwy oddziaływuje jako efekt kaskady 
na drobne pierwotniaki oraz bakterie. Jednocześnie, wzrost temperatury, która 
warunkuje przebieg i intensywność procesów metabolicznych, może mieć istotne 
znaczenie dla obfitości populacji mikroorganizmów, interakcji międzygatunkowych, a 
więc w konsekwencji wpływać na efekty kontroli typu „bottom-up” i „top-down”. 
5. Po raz pierwszy określono również dynamikę sezonową zmian poziomu stabilnych 
izotopów w sieci troficznej torfowiska wysokiego. Wyniki badań wskazują na istotną 
sezonową zmienność poziomu stabilnych izotopów w poszczególnych komponentach 
sieci troficznej torfowisk, a więc również na wyraźną dynamikę zmian pomiędzy 
poszczególnymi poziomami troficznymi. Preferencje pokarmowe Hyalosphenia 
papilio w istotnym stopniu zależne są od dostępności oraz obfitości potencjalnego 
pokarmu, zaś przyszłe badania powinny również uwzględniać rolę miksotrofii w 
funkcjonowaniu torfowiskowych sieci troficznych. 
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Abstract
Despite its ecological importance, little information 
is available regarding spatial and seasonal changes in the 
testate amoebae community in peat bogs. The objectives 
of this study were to examine the structure of communi-
ties and horizontal distribution of testate amoebae fauna, 
to improve the understanding of factors affecting the 
distribution of moss testate amoebae communities and 
to analyze the seasonal changes in testate amoebae 
communities in a Sphagnum-dominated peat bog (eastern 
Poland). A total of 45 testate amoebae species were 
identified in the samples. The highest species richness 
occurred in hollows dominated by Sphagnum angusti-
folium, much lower numbers of taxa were observed in 
hummocks dominated by Sphagnum magellanicum and 
Polytrichum. The Monte Carlo permutation test showed 
the significance of Ntot, temperature, pH, and the depth 
to the water table for the variability of testate amoebae 
in all microhabitats. Species found in spring samples 
were associated with the increased Ntot content. Species 
occurring in summer samples were associated with the 
increasing pH gradient and species developing in late 
spring and autumn preferred a greater depth to the water 
table. 
Key words: peat bog, biodiversity, Protists, 
testate amoebae, seasonal dynamics 
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Introduction
Peatlands are generally characterized by rich 
biodiversity and play an important role in the global 
carbon sequestration (Gilbert & Mitchell 2006). 
Due to the clear predominance of testate amoebae 
in peatlands, they are regarded as having the 
most important role in the matter and energy flow 
(Tolonen et al. 1992; Bobrov et al. 1999; Mitchell 
et al. 2000; Lamentowicz et al. 2010). They produce 
decay-resistant tests that protect cells from desicca-
tion (Odgen & Hedley 1980). The morphology 
of tests is very often diagnostic, allowing species-level 
identification. Moreover, testate amoebae produce 
decay-resistant shells that are commonly used to 
reconstruct the past peatland hydrology (Payne 2011). 
These microorganisms are important consumers 
of bacteria, flagellates and algae; they also partici-
pate in the transformation of organic matter and the 
circulation of biogenic compounds. The short duration 
of their generations make them useful indicators 
of environmental changes (Lamentowicz & Mitchell 
2005; Opravilova & Hajek 2006; Koenig et al. 2015). 
Animal communities, in particular invertebrates 
occurring in Sphagnum-dominated peat bogs are 
thoroughly researched (Borcard & Vaucher von 
Ballmoos 1997). On the other hand, species richness 
and abundance of Protists and their relationships 
with environmental parameters in these specific 
ecosystems have received little or no attention at all. 
The ecology of peat-bog testate amoebae is studied 
along a wide ecological gradient, i.e. from very wet to 
dry microsites where testate amoebae are often found 
to respond primarily to the depth of the water table 
(Buttler et al. 1996; Booth 2002; Kishaba & Mitchell 
2005; Lamentowicz et al. 2010; Jassey et al. 2011; Payne 
2011; Mieczan 2012). Relationships between testate 
amoebae and hydrological and chemical variables 
are well documented, much less is known about 
their seasonal dynamics in a peat bog. Numerous 
ecological studies dealing with recent responses 
of species to the water-level gradient in Sphagnum 
peat bogs provide a good basis for the use of testate 
amoebae as indicators of the past hydrological 
changes, and recently also as indicators of hydrolo-
gical changes during wetland restoration (Tolonen 
et al. 1992). However, their response to seasonal 
changes in microhabitat conditions has not yet been 
studied thoroughly in peatlands. Mieczan (2007) 
found that moisture conditions, pH and the content 
of total organic carbon in the water were positively 
correlated with the abundance and biomass of testate 
amoebae at microsites with Sphagnum palustre L. 
In addition, Tolonen et al. (1992) found testate 
amoebae to be correlated with the concentration 
of nutrients. Even the temperature can co-determine 
the distribution pattern of the testacean fauna 
(Heal 1964). Testate amoebae require a minimum 
temperature at a specific time of the year to 
reproduce successfully (Tsyganov et al. 2011). In 
addition, factors such as light, oxygen and food 
availability may also affect the testate amoebae 
communities (Charman et al. 2000). Only a few 
publications focus on seasonal abundance of microor-
ganisms living among Sphagnum (Heal 1964; Gilbert 
et al. 1998; Mieczan 2007; Lamentowicz et al. 2013; 
Marcisz et al. 2014). The seasonal patterns in the 
abundance of microorganisms are important to the 
understanding of nutrient and energy flows, as well 
as species-environment relationships. Since peat-bog 
ecosystems are deficient in inorganic nutrients and 
rich in organic matter, it is likely that microorga-
nisms play a key role in their functioning (Gilbert 
et al. 1998). The objectives of this study were to test the 
hypotheses that testate amoebae communities vary 
in different seasons and the differences are related to 
moisture conditions and water chemistry as well as to 
examine the structure of communities and horizontal 
distribution of testate amoebae fauna in a Sphagnum-
dominated peat bog, to improve the understanding 
of factors affecting the distribution of moss testate 
amoebae communities and to analyze the seasonal 
changes in testate amoebae communities.
Materials and methods
Study site
The study was performed in the Moszne peat bog 
located in the western part of the Polesie Lubelskie 
region (Eastern Poland, 51oN, 23oE) (Fig. 1). It is one of 
the most valuable natural regions in Poland, which was 
not covered by the last glaciation. The mean monthly 
air temperatures of January and July were –4.1oC and 
17.9oC, respectively. Mean annual rainfall is ca. 551 mm. 
Vegetation of this area is characterized by the presence 
of a number of rare species, such as Scheuchzeria 
palustris L., Drosera anglica Huds., Drosera intermedia 
Hayne, Salix myrtilloides L. and Salix lapponum L. and 
the dominance of graminoids such as Eriophorum 
vaginatum (L.), Carex acutiformis Ehrhart., Carex gracilis 
Curt. and Sphagnum angustifolium (C.C.O. Jensen 
ex Russow), Sphagnum cuspidatum Ehrh. ex Hoffm., 
Sphagnum flexuosum Dozy and Molk., Sphagnum 
magellanicum Bird. and Polytrichum sp. 
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Field sampling and laboratory analyses
Samples of testate amoebae were collected from 
the Sphagnum-dominated peat bog. The microsites 
sampled in this study include hummocks, lawns 
and hollows (Fig. 1). Similar habitats (six replicated 
plots, three at each microsites) were selected in the 
investigated peat bog. The habitat similarity was 
determined for the selected microsites based on the 
vegetation type. From April to October 2013-2014, 
upper segments of Sphagnum were sampled once 
a month. A long knife was used to cut the plants off 
the surrounding vegetation. Each sample was packed 
into a cylindrical plastic container, which was pressed 
into the moss carpet and cut with the knife. All samples 
were stored in a cooler and transported within 1 day 
to a laboratory. Testate amoebae were isolated 
from moss samples using sieves with a 250 µm 
mesh size, and the filtrate was used to analyze the 
testate amoebae. Shells were counted under a light 
microscope at 500 × magnification. The abundance of 
testate amoebae and their community composition 
were determined using Utermöhl’s method (Utermöhl 
1958). The abundance of microorganisms was 
calculated per 1 g of the plant material. Morphological 
identifications of testate amoebae were based mainly 
on the studies by Odgen & Hedley (1980), Charman 
et al. (2000) and Clarke (2003).
Various environmental variables (e.g. depth of 
the water table – DWT , dissolved oxygen, pH and 
conductivity) were measured at each sampling site 
on the day of sampling. DWT was measured to the 
nearest centimeter. The zero level was marked by the 
top part of the peat mosses. Temperature, dissolved 
oxygen, pH and conductivity were determined using 
a multiparameter instrument YSI 556 MPS. Total 
organic carbon (TOC) was determined using the 
PASTEL UV analyzer and the remaining factors 
(N-NO3, P-PO4, Ptot) were analyzed in the laboratory 
(Hermanowicz et al. 1976).
Data analysis
Diversity analysis [Shannon-Wiener diversity index 
(log10-based)] was performed using the Multivariate 
Statistical Package – MVSP (Kovach Computing 
Services 2002). 
Differences in physical and chemical water 
parameters among the studied habitats were 
analyzed by one-way ANOVA. Tukey’s multiple range 
test (at P < 0.05) was used to compare means when 
significant differences were found. The analysis 
was performed using the PAST software (Hammer 
et al. 2005). Ordination techniques were used to 
describe the abundance of testate amoebae in relation 
to habitats and environmental variables. The length 
of the gradient indicated by detrended correspon-
dence analysis (DCA) of the communities was 3.482, 
which suggests that DCA and canonical correspon-
dence analysis (CCA) were appropriate methods 
(ter Braak & Šmilauer 2002). Automatic forward 
selection of environmental variables with the Monte 
Carlo permutation test (999 permutations) was used 
to determine the most important variables (Lepš 
& Šmilauer 2003). Variables with the significance level 
above 0.05 were passively plotted on the diagrams. 
Arrows representing the physicochemical variables 
on the obtained plot indicate the direction of the 
maximum change of a given variable, and the length 
of each arrow is proportional to the rate of change. 
Figure 1
Location of the study area and sampling sites
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The proportion of variance explained by environ-
mental variables was quantified using variance 
partitioning (Borcard et al. 1992). The analysis was 
repeated for the whole sampling area and separately 
for each of the studied habitats. The ordination 
analyses were performed by CANOCO 4.5 for Windows 
(Ter Braak & Šmilauer 2002).
Results
Physical and chemical parameters
The highest water table was observed in spring 
and summer and the lowest one in autumn (ANOVA, 
F = 12.36, P = 0.021). The DWT gradient in the samples 
ranged from 6 to 23 cm. The pH of water ranged 
from 3.1 to 7.6. The conductivity significantly varied 
and ranged from 18 µS cm-1 to 68 µS cm-1 (ANOVA, 
F = 22.74, P = 0.003). The highest conductivity occurred 
in summer, much lower in spring or autumn. The 
highest water temperature was recorded in summer 
(18oC - 23.7oC) for all the studied peatlands, and 
decreased in autumn (3.6oC - 14.3oC). The concentra-
tion of total organic carbon fluctuated between 
35 mg C l-1 in summer and 68 mg C l-1 in autumn. The 
highest values of nutrients were determined in spring 
and autumn, and considerably lower values in summer 
(ANOVA, F = 28.11, P = 0.0021 - 0.033) (Table 1).
Testate amoebae communities – general results
A total of 45 testate amoebae species were 
identified in the samples. The highest species 
richness (28-41 taxa) occurred in hollows dominated 
by Sphagnum angustifolium, Sphagnum cuspidatum 
Sphagnum flexuosum and Sphagnum palustre. 
Much lower numbers of taxa (4-8) were observed 
in hummocks dominated by Sphagnum magella-
nicum and Polytrichum. The most frequent species 
were Assulina muscorum, Arcella discoides type, 
Hyalosphenia papilio, Hyalosphenia elegans and 
Archerella flavum. The species distribution pattern 
also showed a higher variation in acid habitats, 
from wet assemblages with Hyalosphenia papilio to 
Assulina muscorum assemblages in drier microhabitats. 
The species richness and abundance was different 
for Sphagnum (Sphagnum angustifolium, Sphagnum 
cuspidatum, Sphagnum flexuosum and Sphagnum 
palustre); however, only a slight difference was 
determined for the abundance of testate amoebae 
among Polytrichum. The diversity analysis resulted in a 
mean value of the Shannon-Wiener diversity index (H) 
of 2.45. The highest diversity was measured in 
Sphagnum cuspidatum (H = 2.8), and the lowest one in 
Polytrichum sp. (H = 0.65).
Unconstrained ordination (DCA)
DCA axes 1 (λ = 0.465) and 2 (λ = 0.198) explained 
44% of the total variance in testate composition 
and showed clear spatial separation of species. 
Testate showed similar species composition in 
hollows and lawns and different composition on 
hummocks (Fig. 2A). Heleoptera sphagni, Cyclopyxis 
arcelloides type, Hyalosphenia papilio, Hyalosphenia 
elegans, Hyalosphenia ovalis, Heleoptera rosea, Nebela 
flabellulum, Nebela collaris, Centropyxis platystoma 
Table 1
Seasonal changes in physical and chemical parameters of the investigated peat bog
Parameters units
2013 2014
months
IV V VI VII VIII IX X XI IV V VI VII VIII IX X XI
Temp. oC 18.0 21.6 23.4 21.7 20.2 14.4 14.3 14.3 21.2 21.2 14.8 23.7 18.8 17.4 3.6 3.6
pH 3.1 3.1 3.9 3.3 6.2 6.5 3.9 3.9 3.5 3.5 4.6 5.2 7.7 3.9 3.9 3.9
Conductivity µS cm-1 44.0 44.0 24.0 35.0 60.0 23.0 59.0 59.0 31.0 31.0 18.0 50.0 53.0 67.0 68.0 68.0
Oxygen mg O2 l
-1 5.9 5.9 5.6 7.0 13.1 3.8 9.4 9.4 5.6 5.6 8.7 5.2 7.5 5.9 11.1 11.1
N-NH4
+ mg N-NH4 l
-1 0.135 0.155 0.125 2.696 0.256 0.012 0.070 0.070 0.020 0.020 0.020 0.016 0.021 0.011 0.023 0.023
N-NO3 mg N-NO3 l
-1 1.156 1.156 0.740 1.014 0.805 1.602 1.030 0.030 0.658 0.658 0.096 0.757 0.533 0.582 0.651 0.651
Ntot mg N l-1 4.318 4.318 1.134 0.159 1.158 1.523 2.57 2.567 4.318 4.318 1.134 0.16 1.16 1.52 2.57 2.57
Ptot mg P l-1 0.434 0.434 1.262 0.590 0.402 0.278 0.569 0.569 0.739 0.739 0.449 0.500 0.612 0.551 0.774 0.774
Chlorophyll a µg l-1 185.6 160.6 277.4 265.2 95.1 170.3 118.0 118.0 33.5 33.5 24.2 103.7 77.1 26.9 47.1 47.1
TOC mg C l-1 75.3 75.3 37.8 74.0 126.5 37.8 60.5 60.5 38.5 38.5 23.8 42.0 27.7 38.0 38.8 38.8
DWT cm 7.0 6.0 9.0 11.0 11.0 17.0 23.0 17.0 9.0 9.0 7.0 11.0 9.0 18.0 19.0 22.0
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type, Heleoptera petricola, Amphitrema wrightianum, 
Cyphoderia ampulla, Arcella disoides type, Archerella 
flavum, Nebela carinata, Nebela tincta, Nebela parvula 
and Trigonopyxis arcula showed affinity with hollows 
and lawns. The group of species related to hummocks 
were represented by Corythion-Trinema type and 
Euglypha ciliata (Figs 2A, B).
Constrained ordination (CCA)
CCA for spatial distribution of testate amoebae 
showed that all environmental variables together 
explained 82.5% of the total variance. The Monte Carlo 
permutation test at P < 0.05 showed the significance of 
Ntot (λ = 0.14, F = 1.61, P = 0.001), temperature (λ = 0.29, 
F = 1.38, P = 0.002), pH (λ = 0.07, F = 0.76, P = 0.025), 
and DWT (λ = 0.09, F = 0.56, P = 0.036) in explaining 
the variability of testate amoebae in all habitats. 
Samples on the CCA biplot are divided seasonally into 
three groups. Summer samples (July-September) were 
separated by axis 1 from the early spring (April-May) 
samples and late spring and autumn (June, October-
November) samples (Fig. 3A). Species occurring in 
summer samples (Assulina seminulum, Arcella disoides 
type, Hyalosphenia elegans, Hyalosphenia subflava, 
Nebela) were associated with the increasing pH 
gradient. Species found in spring samples (Cyphoderia 
ampulla, Assulina muscorum, Heleoptera petricola, 
Difflugia elegans, Placocista spinosa type, Centropyxis 
platystoma type, Difflugia globulosa, Euglypha) were 
associated with the increased Ntot content. Species 
developing in late spring and autumn (Centropyxis 
aerophila, Heleoptera sphagnii, Nebela bohemica, 
Hyalosphenia ovalis, Hyalosphenia papilio, Amphitrema 
wrightianum, Difflugia leidyi, Heleoptera rosea, Nebela 
flabellulum, Archerella flavum) preferred higher DWT 
(Fig. 3B). 
Discussion
The existing comparative data on seasonal 
changes in the distribution of testate amoebae in 
the micro-horizontal transect (hummock – lawn – 
hollow) are very scarce. This study suggests significant 
relationships between the species richness of testate 
amoebae and the type of habitat. The highest species 
richness occurred in hollows dominated by Sphagnum 
angustifolium, Sphagnum cuspidatum, Sphagnum 
flexuosum and Sphagnum palustre. The lowest 
species richness occurred in hummocks dominated 
by Sphagnum magellanicum and Polytrichum. At all 
three studied sites, a decline in the abundance of 
testate amoeba was observed in summer, particularly 
pronounced in microhabitats with the lowest moisture 
content. These results are consistent with the results 
of other seasonal studies (Marcisz et al. 2014). Testate 
amoeba assemblages are similar to those found at 
other sites in Europe (Jauhiainen 2002; Lamentowicz 
& Mitchell 2005). The similarity of testate amoeba 
assemblages between our study sites and other sites 
is not surprising given the cosmopolitan distribu-
tion of many taxa. Testate amoebae occurring in 
the studied peat bog were mainly represented by: 
Figure 2
Biplots of DCA axes 1 and 2 showing species populations of testate amoebae (A) and habitats (B)
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Arcellidae and Hyalosphenidae. The genus Arcella was 
represented mainly by Arcella discoides (the largest 
number of individuals), and the genus Hyalosphenia 
by 3 species: Hyalosphenia elegans, Hyalosphenia ovalis, 
and Hyalosphenia papilio. The taxa are referred to as 
α-hydrophiles and dominate in habitats with signifi-
cant humidity. A similar dominance structure was 
determined, among others, in peatlands of northern 
Russia (Bobrov et al. 1999). In the present study, the 
occurrence of 5 to 45 species of testate amoebae 
was determined in a single species of moss. Mitchell 
et al. (2004) determined the occurrence of 25 species 
of testate amoebae among Hylocomium splenders. 
By comparison, Bonnet (1973) recorded a total of 49 
species of testate amoebae living in mosses. However, 
those were 13 different moss species growing on 
a range of substrates. Nguyen et al. (2004) studied the 
testate amoebae communities colonizing the moss 
Tortula ruralis and recorded 8 species in 30 samples. 
The remarkably low diversity of testate amoebae 
among Polytrichum is probably the consequence 
of low moisture content in this microenvironment. 
The number of species increased with decreasing 
pH and increasing humidity of the habitats. Testate 
amoebae also have to find the required material 
to build their test, and this requirement may be 
another constraint that determines their distribution 
(Meisterfeld 1977). Payne & Mitchell (2007) emphasized 
the significant influence of the water table level and 
pH on the occurrence of testate amoebae in Greek 
peat bogs. Such a relation also exists in the studied 
peat bog. In each of the study periods, the highest 
water level was determined in the hollows, which 
coincided with the highest abundance of testate 
amoebae.
We observed differences in testate amoeba 
communities in different seasons. In spring, the 
most abundant species were hydrophiles Arcella 
vulgaris, Hyalosphenia ovalis, Hyalosphenia papilio, 
Amphitrema wrightianum and Nebela sp. Hyalosphenia 
and Amphitrema were primarily observed in the top 
part of mosses and/or in the surface water, where 
their endosymbionts can photosynthesize (Mieczan 
2010). Nebela consumes mainly algae, particularly 
Figure 3
CCA biplots showing relationships between environmental variables and habitats (A) and testate amoebae popula-
tions (B). Arrows indicate significant parameters in the Monte Carlo permutation test at P < 0.05. Species codes: Amp.wri, 
Amphitrema wrightianum; Arc.cat, Arcella catinus type; Arc.dis, Arcella disoides type; Arc.sp., Arcella sp.; Arc.vul, Arcella vulgaris; Ass.mus, Assulina mus-
corum; Arc.fla, Archerella Flavum; Ass.mus, Assulina muscorum; Ass.sem, Assulina seminulum; Cen.acu, Centropyxis aculeata type; Cen.aer, Centropyxis 
aerophila; Cen.pla, Centropyxis platystoma type; Cor.dub, Corythion dubium; Cor.tri, Corythion-Trinema type; Cry.ovi, Cryptodifflugia oviformis; Cyc.arc, 
Cyclopyxis arcelloides type; Cyc.amp, Cyphoderia ampulla; Dif.ele, Difflugia elegans; Dif.glo, Difflugia globulosa; Dif.lei, Difflugia leidyi; Dif.sp., Difflugia 
sp.; Eug.cil, Euglypha ciliata; Eug.com, Euglypha compressa; Eug.rot, Euglypha rotunda type; Eug.sp., Euglypha sp.; Eug.str, Euglypha strigosa; Eug.tub, 
Euglypha tuberculata type; Hel.pet, Heleopera petricola; Hel.ros, Heleopera rosea; Hel.sph, Heleopera sphagni; Hya.ele, Hyalosphenia elegans; Hya.ova, 
Hyalosphenia ovalis; Hya.pap, Hyalosphenia papilio; Hya.sub, Hyalosphenia subflava; Neb.boh, Nebela bohemica; Neb.car, Nebela carinata; Neb.col, Ne-
bela collaris; Neb.par, Nebela parvula; Neb.fla, Nebela flabellulum; Neb.gri, Nebela griseola type; Neb.mil, Nebela militaris; Neb.sp., Nebela sp.; Neb.tin, 
Nebela tincta; Neb.vit, Nebela vitraea type; Pla.sci, Placocista spinosa type; Tri.arc, Trigonopyxis arcula
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diatoms (45%), spores and mycelia of fungi (36%), 
and also large ciliates, rotifers, and small amoebae 
(Gilbert et al. 2003). An increase in the contribution of 
species from the genus Arcella may result from their 
relatively wide ecological tolerance. As evidenced by 
the study of Nicolau et al. (2005), species of this genus 
also occur in sewage with a high content of biogenic 
compounds. The spring peak may be associated with 
the increase in nutrient concentration and the water 
level. These patterns are also partly consistent with 
the previous observations. For example, Lamentowicz 
et al. (2013) observed a peak in the number of active 
testate amoebae in spring and autumn and a lower 
activity in mid-winter. In summer, Hyalosphenia papilio, 
Arcella vulgaris and Amphitrema wrightianum were the 
most abundant species. The water level and pH were 
the most important environmental variables among 
the measured ones. The importance of the water level 
and pH was also reported by other studies (Bobrov 
et al. 1999; Booth 2002; Mitchell et al. 2000; 
Lamentowicz et al. 2010). Differences in testate 
amoebae communities in spring and summer were 
also observed by Heal (1964) and Gilbert et al. (1998). 
Warner et al. (2007) observed different testate amoeba 
communities in summer (higher proportion of wet 
indicators associated with high water-table conditions 
following the snowmelt) compared to those occurring 
in autumn. In autumn, the relative abundance of 
several species (e.g. Centropyxis aerophila, Heleoptera 
sphagnii, Nebela bohemica, Hyalosphenia ovalis, 
Amphitrema wrightianum, Difflugia leidyi, Heleoptera 
rosea, Nebela flabellulum, Archerella flavum) was 
correlated with a greater water table depth (WTD). 
Moisture may affect testate amoebae and their 
potential food resources – bacteria, microalgae, 
other protozoa, micrometazoa and fungi (Mitchell 
et al. 2000). Field observations, supported by 
experiments with Difflugia tuberculata, indicate that 
chemical properties of water, in particular pH, are 
likely more important factors separating fen and bog 
pool species than the availability of food (Heal 1964). 
This study shows that testate amoebae respond to 
the same major environmental gradients in Poland 
as in other parts of the world. The strongest relation-
ship was found between testate amoebae communi-
ties and both the water table depth and pH. Also 
a significant effect of total nitrogen on the occurrence 
of testate amoebae was determined. Similar results, 
i.e. a correlation between testate amoebae and some 
nutrients, were determined in drained and restored 
Sphagnum peatlands in Finland (Jauhiainen 2002). In 
Sphagnum peatlands, testate amoebae communities 
were associated with NO3- (Mitchell et al. 2000) and 
a combination of physical variables, e.g. moisture 
and chemical variables such as pH, N and DOC 
(Tolonen et al. 1994, Mieczan et al. 2015). Heal (1964) 
did not attribute the seasonal changes observed 
in testate amoebae communities to the seasonal 
changes in soil moisture factors. Instead, he believes 
that changes in light conditions may affect symbiotic 
zoochlorellae in the organisms. There might be other 
biological factors, such as differences in the organism 
body size, correlated with soil moisture conditions 
and hence seasonal changes. Taxa with a smaller body 
size tend to be more common in drier habitats where 
perhaps the water film on moss stems and leaves is 
thinner compared to larger taxa that occur with wetter 
mosses (Jassey et al. 2011). In the growing season, 
when mean daily temperature increased and light 
intensity was higher, an increase in the abundance 
of mixotrophic taxa was observed. According to 
Schönborn (1965), the symbiosis between testate 
amoebae and zoochlorellae in the peat bog is an 
adaptation to oligotrophic conditions.
Conclusions
It therefore appears that the relationship between 
testate amoebae and species of mosses in the peat 
bog does not necessarily imply a direct ecological 
connection between the two types of organisms, 
but is explained by the fact that the habitat moisture 
conditions primarily define the niches of the moss 
species. Regardless of the microhabitat type, the 
number of testate amoebae was determined mainly 
by WTD, pH, temperature and total nitrogen. Species 
found in spring samples were associated with the 
increased Ntot content. Species occurring in summer 
samples were associated with the increasing pH 
gradient, whereas species developing in late spring 
and autumn preferred a greater depth to the water 
table.
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INTRODUCTION
Food webs in aquatic ecosystems function via the
channelling of energy and flux of materials among diverse
assemblages of organisms organized into two chains: the
microbial loop and the classical trophic chain. The micro-
bial loop is composed of bacteria and heterotrophic pro-
tists (Azam et al., 1983), and the role of these
communities consists in recovering carbon and nutrients
and transferring them to higher trophic levels of the clas-
sical trophic chain. Distinct components of the microbial
loop influence one another in predator-prey relations and
are also influenced by metazooplankton, which are com-
ponents of the classical grazing chain (Sanders and Wick-
ham, 1993; Gasol et al., 1995; Bec et al., 2003). Likewise,
distinct trophic levels of metazooplankton within the clas-
sical food chain affect one another and are directly influ-
enced by planktivorous fish and indirectly by piscivorous
fish. These complex predator-prey relations influence
species composition and abundances of major compo-
nents of food chains and in this way can alter their trophic
relationships and stability. Countless possible relations be-
tween distinct levels of microbial and classical food
chains have been described in marine and freshwater
ecosystems (Beaver and Crisman, 1982; Güde, 1986;
Gilbert et al., 1998; Wickham, 1995a, 1995b; Jürgens and
Jeppesen, 2000). However, available information on di-
versity and correlations among components of food chains
in other types of aquatic ecosystems, including humic
wetlands, is particularly scarce. Humic wetlands have
higher concentration of organic matter (OM) in compari-
son to other aquatic ecosystems, and large quantities of
OM are in relatively recalcitrant dissolved form, mostly
derived from moss decomposition (Rydin and Jeglum,
2013). As organic matter of low nutritive value is decom-
posed through a sequence of physical, chemical and bio-
logical processes, interactively coupled group of
organisms must be recognised to properly evaluate the
rate of organic matter regeneration in wetlands. Microbial
loop may have significant role in transferring energy from
allochtonous OM to metazoplankton, thus food web in
these ecosystems may be largely sustained by bacterial
production (Jones, 1992). Only a few studies around the
world have surveyed plankton food webs in these sys-
tems, generally concluding that trophic interactions af-
fecting food webs are dictated by a conjunction of specific
morphology and abiotic features of wetlands (Sharma and
Bhattarai, 2005; Druvietis et al., 2010; Quiroga et al.,
2013). Peatbogs are wetlands with the capacity to accu-
mulate dead organic matter (peat), in most cases from
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slowly decomposing plants. For centuries, peat has been
used as a heating fuel and for a wide variety of non-fuel
purposes, including horticulture (Robertson, 1993;
Cruickshank et al., 1995). As a result of non-commercial,
small-scale extraction of peat, distinctive water bodies
have developed. Owing to biological succession, they
have semi-natural features enhancing the biodiversity of
peatbogs (Beadle et al., 2015). Pools are critical habitats
for biodiversity in natural peatlands. They serve as habi-
tats for specific plant communities, foraging sites for am-
phibians, and breeding habitats for some species of
arthropod (Larson and House, 1990; Poulin et al., 1999;
Mazerolle, 2005). Man-made peat pools have specific
physical and chemical properties, including carbon
budget, pH, conductivity, and nutrient concentrations.
Pools situated within an ombrotrophic peat profile are
characterized by low pH, low levels of primary produc-
tion and nutrients and high levels of dissolved organic
matter Pools that have any sort of minerotrophic input
may differ from this pattern and have higher levels of pH
and conductivity.
Currently, creating of artificial pools on peatland is a
common tool used in restoration of degraded peatlands
(Armstrong et al., 2009). However, the ecological status
of these man-made pools is almost unknown. As environ-
mental conditions can influence the structure and compo-
sition of planktonic communities in lake ecosystems and
trophic relations between them (Persson, 1999; Adamczuk
et al., 2015), we hypothesized that man-made peat-pools
differ in heterotrophic assemblages according to their
characteristic environmental constraints. An additional
objective of the study was to estimate the stability of het-
erotrophic plankton as food web components in order to
better understand the effect of environmental drivers on
the functioning of food webs in man-made peat pools.
METHODS
Study area
We estimated biocenotic structures of man-made peat
pools from peatbogs located in Polesie National Park
(east-central Poland). The park is part of the West Polesie
Biosphere Reserve protected under the Ramsar Conven-
tion as an important wetland site with valuable natural
features. It covers 9764.31 ha, and peatbogs account for
about 41% of its area (Radwan, 2002). The peatbogs in
Polesie National Park are one of a very few groups of
peatbogs in Europe formed during the Elsterian glaciation.
Six man-made peat pools located on three types of peat-
bogs were selected for the study: two peat pools located
on the carbonate fen Bagno Bubnów (hereafter CF), two
peat pools located on the transitional peatland Jelino-
Krugłe Bagno (TP), and two peat pools located on the
high moor peatland Moszne (HM). CF (51°23´05.4˝ N,
23°08´07.8˝ E) is located in the eastern part of the park in
a basin on chalk bedrock. It is a rare type of base-rich
peatbog with small patches of purple moor grass mead-
ows and poor-fen vegetation. TP (51°24´05.9˝ N,
23°09´06.9˝ E) lies in the western part of the major com-
plex of the park and is probably fed by both precipitation
and groundwater. HM (51°27´29.83˝ N, 23°07´30.69˝ E)
is situated at the centre of the major complex of the park
and is fed mainly by precipitation. The areas of the peat
pits do not exceed 0.5 ha, and their depth reaches a max-
imum of 2 metres. They represent different vegetation
types. The vegetation of TP is heavily dominated by
Sphagnum cuspidatus and Utricularia sp., the vegetation
of HM is dominated by Chara fragilis, and CF is colo-
nized by Utricularia sp. and Potamogeton sp.
Field sampling
Environmental parameters
Environmntal variables were measured monthly from
April to November 2013-2014. Temperature, dissolved
oxygen (DO), electrical conductivity (EC) and pH were
determined in situ with a YSI 556 MPS multiparametric
probe. Other environmental variables were measured in
the laboratory: total suspended solids (TSS), total organic
carbon (TOC), biochemical oxygen demand (BOD) and
chemical oxygen demand (COD) using a PASTEL UV
spectrophotometer (Secomam, France); total phosphorus
(Ptot) and dissolved ortho-phosphorus (P-PO4) with a Schi-
madzu UV-1610 spectrophotometer (by the molybdate
method after mineralization with a mixture of HNO3 and
H2SO4); and nitrate nitrogen N-NO3 by the sodium sali-
cylate method. Total solids (TS) were estimated according
to NREL Laboratory Analytical Procedures (LAP)
(Sluiter et al., 2008). Chlorophyll a (chl-a) was deter-
mined spectrophotometrically after extraction with
ethanol (Yentsch and Menzel, 1963).
Bacteria and protozoa
From each peat pool three replicate samples were col-
lected once a month from April to November 2013-2014.
The abundance of bacteria and HNF were determined
with DAPI – 4´6-diamino-2-phenylindole (Porter and
Feig, 1980). A 10-mL volume of water was preserved in
formaldehyde to a final concentration of 2% and kept in
darkness at 4°C. Preparations were made within 24 h after
sampling. Sub-samples of 2 mL were condensed on poly-
carbonate filters (0.2 µm pore size) dyed with Irgalan
black and enumerated by epifluorescence microscope.
Ciliata communities were investigated using a 5 L plank-
tonic sampler; three replicate samples of volume 0.5 L
were fixed with Lugol’s solution (0.2% final concentra-
tion). Densities of ciliates were determined with an in-
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verted microscope by the settling chamber technique: 50
mL of sample was sedimented for at least 24 h and half
of the bottom of the chamber was counted at 300 × mag-
nification (Utermöhl, 1958).
Metazoa
From each peat pool, double samples of a 5 Lvolume
were collected and pooled to reduce heterogeneity in meta-
zooplankton distribution and sampling variability, so that
the final volume of a sample measured 10 L. Each sample
was taken in three replications. Samples were sieved
through a 40 µm mesh net and initially fixed with Lugol’s
solution. Cladocera and Copepoda species were classified
and counted using a Sedgewick-Rafter chamber.
Data processing
Differences in environmental conditions and density
between the three peat pool types were analysed by one-
way ANOVA. No significant differences between pools
located on the same peatbog were revealed for any abiotic
and biotic variable. Therefore, pools located on each peat-
bog were considered as grab samples and values of all
variables were averaged per sampling date. All variables
met the assumption of ANOVA without transformation.
All data were previously analysed for distribution and ho-
mocedasticity of variables using normality and equal vari-
ance tests. In all the cases, the significance level used was
0.05. Tukey’s post hoc comparisons (at P<0.05) were used
to compare means when significant differences were
found. Spearman’s rank correlation coefficients were used
to evaluate the correlation of all pairs of environmental
variables to determine which variables were inter-corre-
lated. Trophic groups were distinguished on the basis of
feeding habits of taxa. Feeding habits were evaluated with
the use of Foissner and Berger (1996), Dussart and Defaye
(2001), Dumont and Negrea (2002). The coefficient of
variation (CV) was used to quantify the temporal stability
of each trophic group: CV (%) = 100σ/mean, where σ is
the standard deviation. CV was computed on raw data of
density of each trophic group.
In order to assess the influence of different environ-
mental variables on the overall diversity as well as abun-
dance of taxonomic and trophic groups, a Redundancy
Analysis (RDA) was performed using raw data. This
choice of linear ordination model was justified by the nar-
row range of the data (previously assessed by DCA with
a gradient length <2 standard deviations). Automatic for-
ward selection of environmental variables, performed by
the Monte Carlo permutation test (999 permutations), was
used to determine the most important variables (Lepš and
Šmilauer, 2003). On the resultant plot, the arrows repre-
senting environmental variables indicate the direction of
maximum change of that variable, and the length of each
arrow is proportional to the rate of change. The ordination
analyses were performed in CANOCO 4.5 for Windows.
RESULTS
Environmental parameters
Statistically significant differences between the peat
pools were found for pH, TOC, chl-a, P-PO4, COD, BOD
(P<0.01), EC, and TS (P<0.05) (Tab. 1). The lowest pH
values were recorded in HM, while values closer to 7
(neutral pH) were observed in CF. TOC, chl-a, P-PO4, and
COD had the lowest values in CF and the highest in HM,
whereas BOD was lowest in TP and highest in HM. Con-
ductivity and TS content were lowest in TP and highest
in CF. Tukey post hoc comparisons detected the smallest
differences between CF and TP, which differed in pH, EC,
and TSS (P<0.05). CF and HM exhibited significant dif-
ferences in pH, EC, TOC, chl-a, P-PO4, COD, and BOD
(P<0.05). TP and HM differed in TSS, TOC, chl-a, P-PO4,
COD, and BOD (P<0.05) (Tab. 1). Some environmental
variables showed significant inter-correlations. pH
showed positive correlations with TS, EC, N-NH4 (Spear-
man’s rank correlation, r range: 0.34 to 0.43, P<0.05), and
negative correlations with TOC, COD and BOD (Spear-
man`s rank correlation, r range: -0.34 to -0.43, P<0.05).
There were also inter-correlations between above vari-
ables, including TS and conductivity (Spearman’s rank
correlation, r = -0.47, P=0.004), and TS, TOC, COD,
BOD (Spearman`s rank correlation, r range: 0.46 to 0.89,
P<0.001). Other group of inter-correlating variables were
DO, EC and biogenes, including N-NO3, P-PO4, and Ptot
(Spearman’s rank correlation, r range: 0.46 to 0.89,
P<0.001). N-NO3 correlated with TOC, COD, and BOD
(Spearman’s rank correlation, r range: 0.73 to 0.74,
P<0.01). Another group of correlates were chlorophyll-a
correlating negatively with pH (Spearman`s rank correla-
tion, r = -0.44, P=0.009), and positively with N-NO3, TSS,
TOC, COD, and BOD (Spearman’s rank correlation, r
range: 0.52 to 0.89, P<0.01). Among this group of corre-
lates, TSS showed significant correlation with COD
(r = 0.34, P=0.048).
Heterotrophic plankton – composition, abundance
and relation to environmental parameters
Microbial plankton components showed significant
differences in density between the peat pools (ANOVA,
F = 7.493-15.994, P<0.001), reaching the lowest values
in HM and the highest in CF. Mean abundance of bacteria
ranged from 0.669±0.173 cells 106 mL–1 to 2.75±0.813
cells 106 mL–1, and showed significant differences be-
tween CF and TP and between CF and HM (Tukey post-
hoc comparisons, P<0.01 in both cases). HNF reached
from 1±0.5 in HM to 2.87±1.03 cells 103 mL–1 in CF, and
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differed significantly between all pairs of peat pools
(Tukey post hoc comparisons, P<0.01 for CF-TP and CF-
HM, P<0.05 for TP-HM). The highest species richness of
ciliates was observed in CF (20 taxa) with dominant Cine-
tochilum margaritaceum, while TP had the lowest species
richness, with 13 taxa observed, of which Strombidium
sp. was dominant. In HM, 18 taxa were found and Para-
mecium bursaria was dominant. Mean density of ciliates
varied from 19±1.19 to 34±12 ind mL–1, and differed be-
tween CF and HM (Tukey post-hoc comparisons, P<0.01)
and between CF and TP (Tukey post-hoc comparisons,
P<0.05). Among metazooplankton, Cladocera showed
greater differentiation in taxonomic composition between
the peat pools, ranging from 13 species with dominant
Chydorus sphaericus in HM and 15 species with domi-
nant Ceriodaphnia quadrangula in TP to 22 species with
dominant Alona costata in CF. Copepoda were repre-
sented by 6-7 species, with dominant Mesocyclops
leuckartii in HM and TP and Thermocyclops crassus in
CF. Crustacean plankton showed significant differentia-
tion in density between the peat pools (ANOVA, F =
3.325-6.833, P<0.05). Both Cladocera and Copepoda dis-
played the lowest densities in HM and the highest in TP.
Mean density of Cladocera ranged from 8±7 ind. dm–3 to
162±155 ind. dm–3, while the mean density of Copepoda
varied from 7±5 ind. dm–3 to 295±464 ind. dm–3. Tukey
post-hoc comparisons of Crustacea density between peat
pools showed that HM was distinct from TP (P<0.01 for
Copepoda and Cladocera) and CF (P<0.05 for both groups
of Crustacea). RDA showed a clear influence of environ-
mental variables on densities of heterotrophic plankton.
All axes accounted for 40.3% of the total variance in the
relationship between environment and density of plank-
tonic communities and distinctly separated peat pools.
Variables that significantly explained the variance in den-
sity of heterotrophic plankton were pH (Monte Carlo per-
mutation test, λ=0.07; F=3.78; P=0.003), BOD (λ=0.09;
F=4.36; P=0.003), DO (λ=0.08; F=4.59; P=0.004), Chl-a
(λ=0.05; F=2.8; P=0.03), TS (λ=0.03; F=2.14; P=0.04),
and COD (λ=0.02; F=1.4; P=0.04). The first axis ex-
plained 36.1% of the total variance in the relationship be-
tween environment al variables and density of planktonic
communities and was mostly influenced by Copepoda and
DO and correlated with HM. The second axis explained
4.1% of the total variance in the relationship between en-
vironmental variables and density of planktonic commu-
nities and was positively correlated with pH, bacteria,
HNF, Cladocera, Ciliata and CF, and negatively with
BOD, chl-a, TS and COD (Fig. 1).
Functional trophic groups within heterotrophic
plankton and their stability
Analysis of the feeding habits of individual taxa
within plankton communities made it possible to distin-
guish 5 functional trophic groups. The first two groups
comprised bacteria (I) and HNF (II). Third group con-
sisted of bacterivorous and HNF-feeding ciliates (IIIa)
and naupli - larval stages of copepods (IIIb). The fourth
group comprised omnivorous and predatory ciliates (IVa)
preying on groups I-III and cladocerans (IVb) preying on
groups I-IIIa. The fifth group consisted of omnivorous and
Tab. 1. Mean values (± standard deviation) of environmental parameters of water in the peat pools. Abbreviations of chemical parameters
are detailed in the text.
                                                          Mean values ± standard deviation                            One-way ANOVA                               Tukey HSD
                                                       CF                       TP                      HM                        F           df           P                  CF-TP      CF-HM     TP-HM
pH                                             7.04±0.51            4.73±1.01            4.65±1.17               15.994       33     0.00001             P<0.01       P<0.01
Temperature (°C)                     15.12±4.09          19.23±4.81          17.93±5.18               1.785        33       0.184
Conductivity (µS·cm–1)           367±107.62          19.58±6.86           7.38±7.10                7.629        33       0.002               P<0.01       P<0.01
Dissolved oxygen (mg·L–1)      7.08±1.31            7.73±2.16            7.32±2.78                0.001        33       0.999
TS (mg·L–1)                                                   70.5±7.12           11.45±9.64        159.91±92.53             3.658        32       0.037                                                    P<0.05
TSS (mg·L–1)                          68.27±17.19       137.79±33.39     298.69±125.94            7.230        31      0.0026              P<0.05                         P<0.01
TOC (mg·L–1)                          17.47±2.67          21.32±3.09         51.72±21.58             14.843       33     0.00003                                P<0.01       P<0.01
chl-a (µg·L–1)                            10.03±5.4          42.69±24.50        50.65±29.14             12.845       33      0.0001                                 P<0.01       P<0.01
Ptot (mg·L–1)                             0.13±0.09            0.16±0.13            0.58±0.26                1.221        33       0.308
N-NO3 (mg·L–1)                        0.17±0.12            0.62 ±0.58            0.72±0.47                2.844        33        0.73
N-NH4 (mg·L–1)                        0.18±0.15            0.12±0.31            0.39±0.44                1.430        30       0.255
P-PO4 (mg·L–1)                          0.07±0.04          0.050±0.036          0.09±0.11                8.231        33       0.001                                  P<0.01       P<0.01
COD (mg O2·L–1)                     39.89±8.58         46.11±10.10        110.76±48.83            12.058       33      0.0001                                 P<0.01       P<0.01
BOD (mg O2·L–1)                     23.64±5.94          27.97±4.64         68.78±28.73             14.776       33     0.00003                                P<0.01       P<0.01
CF, carbonate fen; TP, transitional peatland; HM, high moor peatland; df, degrees of freedom.
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carnivorous copepods preying on groups IIIa-IV. Taxo-
nomical characteristics and trophic relations between
groups are presented in Tab. 2 and Fig. 2. Groups I-II
showed significant inter-habitat differences in density
(ANOVA, F=16.694–60.825, P<0.00001), and differ-
enced between CF and TP and between CF and HM
(Tukey post-hoc comparisons, P<0.05). Groups IIIa, IIIb
and IVa showed weaker differences (ANOVA, F=3.535–
8.489, P<0.03) and differed only between CF and HM
(Tukey post-hoc comparisons, P<0.05), whereas groups
IVb and V (ANOVA, F=2.902-4.540, P<05) differed sig-
nificantly between TP and HM (Tukey post-hoc compar-
isons, P<0.05). In RDA analysis, all axes accounted for
41.1% of the total variance in the relationship between
environment and density of trophic groups. However, in-
fluence of environmental variables on I-IIIa groups was
weak. The Monte Carlo permutation test showed the sig-
nificance of four variables: DO (λ=0.08, F=4.04,
P=0.009), influencing mainly group V, temperature
(λ=0.03, F=0.94, P=0.013), primarily affecting groups
IIIb and IVb, and TS (λ=0.02, F=0.74, P=0.023) and TSS
(λ=0.01, F=0.42, P=0.034), influencing group IVa
(Fig. 3). Values of CV showed that stability of densities
of distinct functional trophic groups decreased along with
level in food chain, with groups I-IIIa showing greater sta-
bility (CV = 22%-65%) than the other functional groups
(CV = 60%-204%). Trophic groups showed the highest
stability in HM (33%-106%), whereas in CF the lowest
stability of trophic groups was observed (36%-204%).
DISCUSSION
Although peatlands occupy extensive areas in the
northern hemisphere, information on the ecology of peat
pools is rare (Rydin and Jeglum, 2013). The present study
represents one of the very few studies on interactions
among heterotrophic plankton in man-made peat pools.
Our studies showed that peat pools displayed very differ-
ent chemical features that were in phase with chemical
conditions of surrounding peatlands, similarly to natural
freshwater ecosystems (Ferencz, 2016). They also differed
in abundances of bacteria, protozoa and metazoa. Despite
differences in bacteria densities, the abundances of these
organisms were typical for humic water bodies within
Sphagnum bogs, generally characterized by low abun-
dance of these groups (Druvietis et al., 1998, 2010;
Taipale et al., 2009). However, the bacterial abundances
in the peat pools were much lower than those observed in
other Sphagnum-dominated habitats, like hummocks and
hollows (Langenheder et al., 2006: 1.39·106 cells mL–1;
Quiroga et al., 2013: 6.2-11.1·106 cells mL–1) suggesting
that although studied peat pools had anthropogenic ori-
gins, their biota were typical for natural water bodies in
Fig. 1. RDA biplots showing relationships between environmental variables and abundances of heterotrophic plankton in peat-pools.
Peat pools are designated as follows: ● carbonate fen (CF), ■ transitional peatland (TP), ▲ high moor peatland (HM).
No
n-c
om
me
rci
al 
se
on
ly
529Heterotrophic plankton in peat pools
peatlands. Densities of HNF shaped similarly to those re-
ported in wetlands (Sinistro, 2009; Straskrábová et al.,
2011). Their abundance was correlated with bacteria, a
phenomenon often observed in aquatic ecosystems
(Simon et al., 1998; Gurung et al., 2000). Mean abun-
dances of ciliates were similar to those observed in vari-
ous peatbog ecosystems (Mieczan, 2009, 2010; Quiroga
et al., 2013). The peat pools were colonized by stress-tol-
Fig. 2. Trophic relationships between functional trophic groups in peat pools. Meaning of trophic groups is detailed in Tab. 2.
Tab. 2. Functional trophic groups of plankton communities in the man-made peat pools.
Functional          Ecological                                              Trophic relations to                Taxonomical
group                  characteristics                                       other functional groups          characteristics
I                           Bacteria                                                                                                    −
II                         HNF                                                        I                                                −
IIIa                       Bacteri- and HNF-vorous ciliates          I, II                                            Aspidisca costata, Chilodonella uncinata, Cinetochilum mar-
garitaceum, Codonella cratera, Coleps spetai, Colpoda cucul-
lus, Drepanomonas revoluta, Holosticha pullaster,
Paramecium bursaria, Spirostomum ambigum, Strombidium
viride, Strombilidium sp.
IIIb                       Naupli                                                     I, II                                            −
IVa                       Omnivorous and carnivorous ciliates     I, II, III                                      Amphileptus cleparedei, Coleps hirtus, Euplotes sp., Lacry-
maria olor, Paradileptus elephantinus, Prorodon sp., Spathid-
ium sensu lato, Stylonychia mytilus- Komplex
IVb                      Cladocerans                                            I, II, IIIa                                    Acantholeberis curvirostris, Acroperus harpae, Alonella excisa,
Alonella exigua, Alona costata, Alona guttata, Alona interme-
dia, Alona quadrangularis, Alona rectangula, Alona rectangula
pulchra, Ceriodaphnia pulchella, Ceriodaphnia quadrangula,
Ceriodaphnia reticulata, Chydorus latus, Chydorus sphaericus,
Diaphanosoma brachyurum, Eurycercus lamellatus,
Macrothrix hirsuticornis, Macrothrix rosea, Moina brachiata,
Oxyurella tenuicaudis, Polyphemus pediculus, Pseudochydorus
globosus, Scapholeberis mucronata, Scapholeberis micro-
cephala, Simocephalus serrulatus, Simocephalus vetulus
V                          Adult copepods, copepodities                IIIa-IVb                                    Cyclops strenuus, Eucyclops serrulatus, Macrocyclops albidus,
Macrocyclops fuscus, Mesocyclops leuckartii, Cryptocyclops
bicolor
Microcyclops varicans, Thermocyclops crassus.
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erant species. The dominant species of Ciliata, i.e., C.
margaritaceum, Strombidium sp., and P. bursaria, were
eurytopic species common in a wide variety of aquatic
ecosystems (Mori et al., 1998; Mieczan, 2009). Among
cladocerans, C. sphaericus and C. quadrangula, which
have a high tolerance to wide range of pH values (Flöss-
ner, 2000) and the ability to utilize detrital food sources
(Gliwicz, 1977; Vijverberg and Boersma, 1997), were
dominant in the acidic HM and TP. In the alkaline CF, the
acid-sensitive A. costata (Havens, 1991; Walseng et al.,
2003, 2001) was dominant. All three species are widely
encountered in different types of freshwater bodies
(Duigan, 1992; Illyová and Némethová, 2005). Cladocer-
ans present in peat pits were fairly eurytopic, as they also
inhabit the macrophyte zone of hard-water lakes (Adam-
czuk, 2014). Similarly, Copepoda communities did not
distinguish peat pools from other aquatic ecosystems, as
M. leuckartii, dominant in the acidic peat pools, and T.
crassus, dominant in the alkaline peat pools, are widely
distributed in European freshwater bodies of many other
types (Nilssen and Wærvågen, 2000). Both of these
species are planktonic (Ueda and Reid, 2003), but they
occasionally occur in small water bodies or in the littoral
zone of lakes (Adamczuk, 2013).
The environmental variables taken together accounted
for 40.3% of the total variance in abundance of food chain
components, indicating that their distribution gradient cor-
responds to changes in the environment. Biochemical and
chemical oxygen demand, indicating amount of organic
compounds, as well as other environmental parameters
potentially indicative of resource subsidy for microbial
loop components, were highest in the acidic pool, and
lowest in the alkaline pool. Nonetheless, microbial loop
components displayed the reverse pattern of densities di-
minishing along with pH decreases. Thus, pH occurred to
be the strongest explanatory variable of variation in the
density of microbial loop components. Positive correla-
tions between abundances of microbial loop components
and pH have also been reported in lake ecosystems
(Yannarell and Triplet, 2004; Lindström et al., 2005;
Gaedke and Kamjunken, 2006). Resource subsidy is con-
sidered one of the most important factors influencing food
web functioning (bottom-up versus top-down control).
However, negative correlations between components of
microbial loop and resource subsidies and positive corre-
lations between their densities and pH may suggest that
the microbial loop components were controlled by water
pH rather than resource availability in the peat pools. Ad-
ditionally, negative pH-BOD and pH-COD correlations
suggested that low pH indirectly inhibited the decay of
organic matter by its direct influence on the density of mi-
crobial loop components. This conclusion was also sup-
ported by negative correlations between pH and TOC,
chl-a, and TS as well correlations of the second axis with
Fig. 3. RDA biplots showing relationships between environmental variables and biomasses of functional trophic groups in peat pools.
Meaning of trophic groups is detailed in Tab. 2. Abbreviations of chemical parameters are detailed in the text.
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these parameters in RDA. pH also influenced the distri-
bution of cladoceran communities. The influence of pH
on Cladocera has also been shown in studies in lake
ecosystems, with the conclusion that low pH coincides
with decreased abundances of these animals (Nilssen and
Sandoy, 1990; Kurbatova, 2005; Nevalainen et al., 2011).
Cladocera are components of the lowest trophic level in
the classical food web and function as intermediaries be-
tween the microbial and classical food chains (Agasild et
al., 2012). Thus, pH, through its direct effect on cladocer-
ans, influenced higher trophic levels of the classical food
chain. Copepoda density was correlated with DO concen-
trations. The crucial influence of DO concentration on
successful development of Copepoda has been observed
in both freshwater and brackish ecosystems (Tinson and
Laybourn-Parry, 1985; Roman et al., 1993). Densities of
heterotrophic plankton showed significant differences
among peat pools, reaching the lowest densities in acidic
peat pool and the highest densities in alkaline peat pools.
Nonetheless, despite lowest density, heterotrophic plank-
ton showed the highest stability in the acidic peat pools. I
and II trophic groups (bacteria and HNF) were less influ-
enced by environmental variables, and that was probably
conducive to the stability of these groups. In the same
way, group IIIa (bacterivorous and HNF-feeding ciliates)
also showed resistance to environmental variables that co-
incided with their high stability. Higher trophic groups
(naupli, omnivorous and carnivorous ciliates, cladocerans,
copepodites and adult copepods) proved to be highly vul-
nerable to environmental variables, including DO, tem-
perature, TS and TSS, and were less stable. In general,
stability is thought to be mainly influenced by biodiversity
(expressed as taxonomic richness) in plant and animal
communities (Hector et al., 2010; Downing et al., 2014).
However, Steiner (2005) found significant relationships
between CV values and environmental variables in pond
ecosystems. In the studied peat pools, we found similar
relations but only for components of the classical food
chain. Some papers have reported that in freshwater bod-
ies stability of communities is linked to productivity, be-
cause it decreases with increasing system enrichment
(Steiner, 2005) and eutrophication (Hautier et al., 2014).
As the trophic status of peat pools and other humic water
bodies differs from trophic statuses non-humic waters, the
stability of food web components in these ecosystems is
undoubtedly correlated with different environmental vari-
ables specific to this type of habitats.
CONCLUSIONS
Recently, man-made peat pools creating by drain
blocking have been common restoration tool, however
knowledge on the ecology of man-made pools is limited,
especially in the domain of heterotrophic plankton. The
present characterization of distribution and structure of
heterotrophic plankton in correlation with environmental
variables represents the first survey of the complete het-
erotrophic plankton food web from peat pools. In our
studies, we found that the peat pools had different assem-
blages of food web components with respect to species
composition, abundance, biomass, and distribution of
dominant species. Despite these differences, food web
components showed similar patterns of stability that
showed inverse correlation with trophic level of organ-
isms. Our studies deepen insight into the structure and
functioning of artificial peat pools as surrogates for natu-
ral ecosystems with regard to trophic relations among het-
eroplanktonic organisms.
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Abstract. Microzonation of testate amoebae and ciliates in relation to physical and chemical 
parameters in different species of mosses in peatland were studied. Regardless of the species of 
mosses, similar micro-vertical differentiation of these protozoa was ascertained. A similar number 
of species, like the abundance, significantly increased in the deepest sampling depth. The upper-
most sampling of the mosses (0–5 cm) was dominated by mixotrophic taxons, whereas the deepest 
sampling level (5–10 cm) shown the increase of the proportion of bacterivore species. In peatlands 
the factors limiting the occurrence of ciliates and testate amoebae are physio-chemical suitablilty – 
mainly the total organic carbon content and water table depth, but with somewhat lower levels of 
pH and species of mosses.   
Key words: testate amoebae, ciliates, micro-distribution, peatland 
 
 
INTRODUCTION 
 
Quantifying the diversity and distribution of protozoa (testate amoebae and 
ciliates) in aquatic habitats is important to gain a better understanding of micro-
bial food webs in these systems. However, limnologists have paid little attention 
to peatlands, compared to other aquatic ecosystems [Gilbert et al. 2003]. Peat-
land ecosystems play an important role in the global C sequestration. They have 
been studied in the context of general climate change, and specifically ozone 
depletion, but research has focused largely on the peatland plants [Mitchell et al. 
2000, Mieczan 2009]. In peatlands the animal communities, especially inverte-
brates, are sufficiently known [Borcard and Vaucher von Ballmoos 1997]. However 
micro-distribution of testate amoebae taxa has been observed along the Sphag-
num stem only in South America. This spatial variation has been attributed pri-
marily to gradients of light, temperature, oxygen concentration and food. Verti-
cal micro-distribution is also a gradient from mostly live testate amoebae in the 
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aerobic, upper portions and mostly empty test in the more anaerobic, lower por-
tions [Booth 2002]. On the other hand, there are hardly any data concerning the 
vertical micro-distribution of ciliates. These comparisons can provide insights 
into the ecology of microorganisms, and may guide the collection of more repre-
sentative calibration datasets. Investigations of testate amoebae have shown dis-
tinct differences in the vertical micro-distribution [Mitchell and Gilbert 2004, 
Mazei et al. 2007]. It seems that similar differences may also be expected to 
appear in the case of ciliates. Therefore, one of the aims of this study was the 
analysis of the distribution of the micro-vertical structure of Protozoa. To sum 
up, the research was undertaken to verify the following hypotheses: that the 
physio-chemical characteristics of waters in a significant way influence the spe-
cies diversity of testate amoebae and ciliates in the peatlands; that the hydrologi-
cal parameters and species variability of mosses have a significant influence on 
the abundance and structure of these microorganisms.  
 
 
MATERIALS  AND  METHODS 
 
The study was performed in Moszne peatland located in the western part of 
the Polesie Lubelskie (Eastern Poland, 51oN, 23oE) includes a unique territory, 
which is a miniature of tundra at its extreme southwest European location (Fig. 1). 
Its borders encompass the most precious parts of Poleski National Park, includ-
ing lakes and floodplains, as well as swamps and peatlands, which survived until 
now in a relatively unaltered shape. Vegetation of this area is characterized by 
the presence of a number of rare species, such as Scheuchzeria palustris L., Dro-
sera anglica Huds., Drosera intermedia Hayne, Salix myrtilloides L. and Salix 
lapponum L. The vegetation is dominated by graminoids such as Eriophorum 
vaginatum (L.), Carex acutiformis Ehrhart., Carex gracilis Curt. and Sphagnum 
angustifolium (C.C.O. Jensen ex Russow), Sphagnum cuspidatum Ehrh. ex 
Hoffm., Sphagnum flexuosum Dozy & Molk., Sphagnum magellanicum Bird. 
and Polytrichum sp. Samples of testate amoebae and ciliates were collected from 
the different species of mosses (Sphagnum angustifolium, Sphagnum cuspida-
tum, Sphagnum flexuosum, Sphagnum magellanicum, Polytrichum strictum and 
Polytrichum commune). From April to November 2015 from studied peatlands 
once a month, eight samples were collected. To assess the importance of the 
vertical distribution of testate amoebae and ciliates within the mosses, each sam-
ple was cut into two parts (sub-samples): living green part (0–5 cm) and dead 
brown part (5–10 cm) (Fig. 1). All samples were stored in a cooler and transported 
within 1 d to the laboratory. Microorganisms were identified in four subsamples, 
each equal to 5% of the original sample. The abundance of microorganisms was 
calculated on 1 g of the plant material. In order to determine the ciliates and 
testate amoebae four samples were preserved with Lugol solution. Ciliates were 
enumerated and identified with an inverted microscope at 400–1000 x magnifi-
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cation. Quantitative sampling and counting were performed with classical limno-
logical methods using Untermöhl technique. Taxonomic identification was done 
using the method of Foissner and Berger [1996].  
 
 
 
Fig. 1. Study area and scheme of the sampling procedure 
 
During each sampling occasion physical and chemical factors (e.g. depth of 
the water table – DWT, pH, temperature, conductivity, N-NO3, P-PO4, Ptot, total 
organic carbon – TOC) were examined. Depth of water table (DWT) was measured 
within a centimetre measure. Temperature, pH and conductivity were deter-
mined in situ using the electrode JENWAY 3405, TOC was determined using 
the PASTEL UV and the remaining factors were analysed in the laboratory with 
standard methods [Hermanowicz et al. 1976]. Diversity analysis [Shannon Wie-
ner diversity index (log10-based)] was performed using the Multivariate Statisti-
cal Package – MVSP All statistical analyses were made using SAS Programme 
[2001]. All abiotic and biotic data were log-transformed to approximate a normal 
distribution and to linearize bivariate relationships. Full-factorial ANOVA was 
used to test for significant effect of the three independent factors (type of micro-
sites, vertical micro-distribution and time) on testate amoebae and ciliate species 
richness and abundance. The correlation between abundance of ciliates and envi-
ronmental factors (seasonal aspect) was assessed using Spearman correlation 
coefficient. 
 
 
RESULTS  AND  DISCUSSION 
 
Depth to the water table fluctuated significantly during the sampling periods. 
The water table was highest in spring, with the sampling sites being the wettest, 
whereas the water table was lowest and the sites were driest during summer. In 
the samples, the DWT gradient ranged from 6 (i. e. submerged) to 43 cm, with a pH  
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Table 1. Description of the sampling sites (physical and chemical characteristics of water – average 
values for spring, summer and autumn 2015) 
 
Site name Season* 
DWT          
cm 
pH 
Temp. 
oC 
Conduct.                    
µS cm-1 
N-NO3           
mgNO3 
dm-3 
PO4
3-
            
mgPO4 
dm-3 
Ptot             
mgP 
dm-3 
TOC         
mgC 
dm-3 
Moss species 
sampled 
Moszne 1  
spring 6 3.8 7.9 69 0.762 0.439 0.753 61.2 
Sphagnum 
flexuosum 
Dozy & Molk., 
Sphagnum 
cuspidatum 
Ehrh. ex 
Hoffm. 
summer 7 2.6 16.0 73.6 0.449 0.060 0.180 58.8 
autumn 9 3.9 2.6 54.5 0.058 0.040 0.358 28.1 
Moszne 2  
spring 29 3.2 7.3 34.6 0.622 0.110 0.336 52.3 
Sphagnum 
magellanicum 
Bird., Poly-
trichum 
strictum Men-
zies ex Brid., 
Polytrichum 
commune 
Hedw. 
summer 43 2.7 18.3 71.8 0.299 0.288 0.320 66.9 
autumn 29 3.3 2.1 45.3 0.662 0.122 0.366 79.2 
Moszne 3  
spring 7 5.2 8.7 48.6 0.367 0.191 0.423 79.7 Sphagnum 
flexuosum 
Dozy & Molk., 
Sphagnum 
palustre L. 
summer 9 3.4 8.6 81.3 1.195 0.081 0.092 46.5 
autumn 9 3.9 3.3 54.4 0.058 0.040 0.353 76.8 
* spring – average values from period April–June, summer – average values from period July–August, autumn 
– average values from period September–November 
 
gradient from 2.6–5.2, a conductivity gradient from 46–123 μS cm-1 and a total 
organic carbon gradient from 28.1 mg C dm-3 to 79.7 mg C dm-3. Conductivity 
and nutrients reached the highest values at high pH micro-sites. TOC content 
reached the highest values in low pH micro-sites (Table 1). Species richness 
among both testate amoebae and ciliates showed micro-vertical diversity. The 
number of taxa of the protozoans was the highest in the lower level (34 and 12 
taxa, respectively) and became much lower in upper level where merely 15 tes-
tate amoebae taxa and 5 ciliate taxa were identified. Ciliates and testate amoeba 
assemblages are similar to those found at other sites in Europe [Jauhiainen 2002, 
Lamentowicz and Mitchell 2005]. The similarity in Protozoa assemblage be-
tween the sites from this study and other sites is not surprising given the cosmo-
politan distribution of many taxa. The species richness of testate amoebae in-
creased with depth and was significantly higher for the deepest level. Assulina 
muscorum, Hyalosphenia papilio and Hyalosphenia elegans were relatively 
more abundant in the uppermost, photosynthetic part of the mosses, and de-
creased in relative abundance with depth. Arcella discoides and Archerella fla-
vum were relatively more abundant at the deepest sampling depth. In the micro-
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environment dominated by Polytrichum, in both the layer above the surface and 
the layer below the surface, Assulina muscorum occurred in the highest numbers. 
The species diversity, minimal in the uppermost 5-cm layer of sphagnum moss 
(mean Shannon index, 1.0), remained at approximately the same level in the 
deeper layers (2.3–2.8). Moreover, regardless of the moss species, the highest 
numbers of testate amoebae occurred in the deepest sampling site (Fig. 2 a-f). 
Several factors probably contribute to this. According to Booth [2002], some 
taxa occur predominantly on the upper portions of the mosses, and these taxa 
eventually become incorporated into the lower assemblage by vertical transport 
and growth, and senescence of the moss. Likewise, a distinct increase in mois-
ture in the lower parts of the mosses may result in increased abundance of testate 
amoebae. Taxa with symbiotic zoochlorellae were more common at the top of 
the stem, and agglutinate taxa more common on lower portions of the stem 
[Meisterfeld 1977]. A vertical micro-distribution in community of testate amoe-
bae was clear among the Sphagnum moss (Sphagnum angustifolium, Sphagnum 
cuspidatum, Sphagnum flexuosum and Sphagnum palustre); on the other hand, it 
was blurred in dry environments dominated by Polytrichum strictum and Sphag-
num magellanicum. The vertical distribution patterns of testate amoebae in this 
study are similar to studies from Europe [Heal 1962, Buttler et al. 1996]. The 
species richness of ciliates increased with depth and was higher for the deepest 
level, compared with the living green part. The Shannon-Wiener diversity index 
ranged from 1.33 for the deepest part to 0.33 for the green, living part. As fol-
lows from the full-factorial ANOVA, the vertical micro-distribution, site and 
season of the year in which material was collected from research, all had a statis-
tically significant influence on the number of ciliates. In all species of mosses 
examined, there were appreciable vertical differences in the abundance of protozoa 
(Fig. 2 a-f). In the uppermost sampling of mosses the abundance of ciliates was 
the lowest and in general only the mixotrophic Paramecium dominated, whereas 
in the deepest sampling the abundance was appreciably higher with domination 
of Colpidium colpoda, Chilodonella uncinata and Cinetochilum margaritaceum. 
The uppermost sampling of the mosses was dominated by mixotrophic taxons, 
whereas the deepest sampling level shown the increase of the proportion of bac-
terivore species. Similar results were observed in sphagnophilus ciliates in Ger-
many [Strüdel-Kypke 1999]. Such a significant difference in the vertical distri-
bution was probably a result of the degree of dampness and fertility of the mi-
cro-sites. A clear paucity of mixotrophic taxa in the lower part of the mosses 
could also be a consequence of unutilized light conditions. A similar regularity 
was observed in Sphagnum mats in dystrophic peat bog lakes in Germany 
[Strüdel-Kypke 1999]. The studies showed that testate amoebae and ciliate abun-
dance were more dependent on WTD and pH in summer (Spearman coefficient 
of correlation r = 0.62, p ≤ 0.01). In spring and autumn contents of total organic 
carbon and nutrients are probably the major regulators of abundance of ciliates 
(r = 0.32–0.64  and r = 0.41–0.51,  p ≤ 0.05, respectively) (Table 2).  
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Fig. 2. Average (April-November 2015) density of testate amoebae and ciliates associated with 
investigated species of mosses along the vertical gradient (WW – wet weight, 0–5 cm; 5–10 cm) 
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Table 2. Spearman correlation coefficients between protozoan abundance and physical and chemical 
factors of the investigated peatland,  
 
Site name Season DWT pH Temp. Conduct. N-NO3 PO4
3- Ptot TOC 
Moszne 1 (M1) spring 0.40* 0.38* - - 0.42* 0.32* - 0.48* 
summer 0.62** 0.62** - - - - - - 
autumn 0.40* 0.40* - - - - - 0.55* 
Moszne 2 (M2) spring 0.35* 0.38* - - 0.39* 0.32* - 0.47* 
summer 0.62** 0.62** - - - - - 0.32* 
autumn 0.33* 0.36* - - 0.41* 0.42* - 0.51** 
Moszne 3 (M3) spring 0.51** 0.51** - - - - - 0.51** 
summer 0.62** 0.62** - - - - - 0.48* 
autumn 0.50** 0.48* - - 0.48* 0.51** - 0.51** 
** P ≤ 0.01, * P ≤ 0.05, – not significant 
 
The number of species of testate amoebae and ciliates increased together with 
a decrease in pH, and increase of concentrations of total organic carbon, and 
moisture conditions. The opposite tendency, however, was observed in a lakes 
ecosystem where low pH clearly limited the number of ciliate taxa [Crisman and 
Brezonik 1980, Mieczan 2007].   
 
 
CONCLUSIONS 
 
It therefore seems that in peatland relationship between testate amoebae, 
ciliates and species of mosses does not necessarily imply a direct ecological link 
between two types of organisms, but is explained by the fact that the moisture 
conditions of micro-sites primarily define the niches of the moss species. There was 
a distinct vertical micro-differentiation of testate amoebae and ciliates occurring 
among Sphagnum moss, but only a small difference ascertained among Poly-
trichum. The number of testate amoebae and ciliate species significantly in-
creased at the deepest sampling depth. Regardless of the micro-vertical mingling 
of Protozoa, their abundance to a high degree was limited by WTD, pH and 
TOC. The uppermost sampling of the mosses was dominated by mixotrophic 
taxons, whereas put the deepest sampling level the increase of the proportion of 
bacterivore species was shown. 
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WERTYKALNE  MIKROROZMIESZCZENIE  AMEB  SKORUPKOWYCH  I  ORZĘSKÓW 
NA  TORFOWISKU  SPHAGNOWYM 
 
Streszczenie. Mikrorozmieszczenie ameb skorupkowych i orzęsków w powiązaniu z właściwo-
ściami fizycznymi i chemicznymi wód analizowano na torfowisku mszarnym wśród różnych 
gatunków mchów. Niezależnie od gatunku mchu stwierdzono wyraźne mikrowertykalne roz-
mieszczenie pierwotniaków, przy czym zarówno liczba gatunków, jak i liczebność wzrastały wraz 
z głębokością. Górna, fotosyntetyzująca część mchów (0–5 cm) zdominowana była przez taksony 
miksotroficzne, natomiast wraz z głębokością (5–10 cm) wzrastał udział taksonów bakteriożer-
nych. Czynnikami determinującymi występowanie orzęsków i ameb skorupkowych były głównie 
poziom wód i całkowity węgiel organiczny, w mniejszym zaś stopniu pH i gatunek mchu.   
 
Słowa kluczowe: ameby skorupkowe, orzęski, mikrorozmieszczenie, torfowiska 
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Abstract
Interactions between the microbial loop and the classical grazing food chain are essential to ecosystem ecology. The goal of the
present study was to examine the impact of chironomid larvae, rotifers and copepods on the major components of the microbial
food web (algae, bacteria, heterotrophic flagellates, testate amoebae and ciliates) in peatlands. Two enclosure experiments
were carried out in a Sphagnum  peatland. In the experiments we manipulated rotifers, copepods and macroinvertebrates, i.e.
chironomid larvae (Psectrocladius  sordidellus  gr). During the experiments variation was observed in the abundance of potential
predators. The beginning of the first experiment was distinguished by dominance of rotifers, but five days later copepods were
dominant. In the second experiment copepods dominated. The results of this study are the first to suggest a substantial impact
of chironomid larvae, rotifers and copepods on microorganism communities in peatland ecosystems. The impact is reflected
by both a decrease in the abundance and biomass of testate amoebae and ciliates and a transformation of the size structure of
bacteria. Heterotrophic flagellates (HNF) were not controlled by metazoans, but rather by testate amoebae and ciliates, as HNF
were more abundant in the control treatment.
© 2015 Elsevier GmbH. All rights reserved.
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Introduction
Peatlands are generally characterized by rich biodiver-
sity and play an important role in global C sequestration
(Bragazza et al. 2006). Furthermore, they belong to those
ecosystems in Europe that disappear fastest and are endan-
gered most, which is particularly alarming in the context of
progressive climate warming (Robson et al. 2005). Research
has largely focused on the effect of climate change and
anthropogenic disturbances on the conversion of stored
∗Corresponding author. Tel.: +48 81 461 00 61x305;
fax: +48 81 461 00 61.
E-mail address: tomasz.mieczan@up.lublin.pl (T. Mieczan).
organic carbon to CO2 and CH4 in the peatland plant
community (Bragazza et al. 2006). Plant communities in
Sphagnum-dominated peatlands are adequately documented
(Bragazza et al. 2006). Little is known about how short-term
(days to months) variability of potential predators may influ-
ence microbial communities (Brown et al. 2011; Mieczan
and Tarkowska-Kukuryk 2013). ‘Trophic cascade theory’
describes direct and indirect impacts of predation on pro-
ductivity, biomass and composition of lower trophic levels
in freshwater ecosystems (Carpenter et al. 1985; Shurin
et al. 2002; Miyashita and Niwa 2006). Various mechanisms
have been suggested that may reduce or amplify the cas-
cading effects, including nutrient regeneration by predators,
omnivory, or the emergence of inedible species (Carpenter
http://dx.doi.org/10.1016/j.ejop.2015.06.010
0932-4739/© 2015 Elsevier GmbH. All rights reserved.
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et al. 1985; Woodward and Hildrew 2002; Hoekman 2010).
In freshwater ecosystems the microbial loop is inseparable
from the grazing food chain (Azam et al. 1983). The micro-
bial loop is a model of the pathway of carbon flow and
nutrient cycling through microbial components of aquatic
communities. In addition to bacterial uptake of non-living
organic matter, many direct links exist between algae, bacte-
ria, and other heterotrophic microbes. By these numerous
pathways fixed organic carbon can be retrieved and is often
used by larger-sized microorganisms that may be more avail-
able for consumption by larger organisms (Azam et al. 1983;
Amalfitano et al. 2015). Thus the controlling factors in micro-
bial communities and the relationships between bacteria and
protozoa are important for understanding the functioning of
the peatland ecosystem.
The classical grazer food chain and the microbial food
web are linked by several direct and indirect interactions
(Rooney and McCann 2012; Karus et al. 2014). Grazing
by rotifers and copepods is important for the recycling of
nutrients and production of dissolved organic substrates for
bacteria, but is also a controlling factor for protozoan com-
munity structure (Miyashita and Niwa 2006). Rotifer and
copepod predation on ciliates is well documented in lakes
(Arndt 1993; Jack and Gilbert 1997). As revealed in stud-
ies by Francez (1986) and Błe˛dzki and Ellison (2003), both
rotifers and copepods may reach a relatively high abundance
in peatland ecosystems. Thus they seem to play a significant
role in controlling the number of protozoa. However, our
knowledge of the food web in peatlands remains fragmen-
tary (Gilbert et al. 1998; Mieczan and Tarkowska-Kukuryk
2013). There is still no well-recognized effect of macroinver-
tebrates on the structure of lower trophic levels in peatland
ecosystems. Most widely distributed in Sphagnum  peatlands
are dipterans of the Orthocladiinae (Tarkowska-Kukuryk and
Mieczan 2014). Larvae of midges are well adapted to survive
in a variety of environmental rigours, such as desiccation,
anoxia and low temperature (Lencioni and Rossaro 2005).
Due to their high densities, rapid growth and high grazing
rates, chironomid larvae have great potential to regulate the
abundance of lower trophic levels. Chironomids are able to
ingest a variety of food types – algae, detritus and associated
microorganisms, woody debris, and invertebrates (Pinder
1986; Hirabayashi and Wotton 1999). The most commonly
reported ingested food in freshwater ecosystems is detritus
with associated protozoans and algae (Lawrence and Gresens
2004; Tarkowska-Kukuryk and Mieczan 2008; Maasri et al.
2010). The larvae of chironomids have a wide food spectrum,
usually do not adhere to one feeding mode, and commonly
exhibit food switching. Many taxa can be classified as both
collector/grazers and filtrators. Diet composition of larvae
usually depends on available food resources and phenology
(Pinder 1986; Enterkin et al. 2007). However, the impacts of
the introduction of chironomid larvae need to be explicitly
examined because chironomids exert bottom-up controls as
well as top-down controls through excretion and regeneration
of nutrients (Davine and Vanni 2002; Wickham et al. 2004).
The objective of this study was to test the following two
hypotheses: (i) chironomid larvae prey on rotifers and cope-
pods, which results in reduced grazing/predation pressure
on algae, protozoa and bacteria (top-down control); and (ii)
introduction of chironomid larvae increases the biomass of
algae via effective nutrient regeneration (bottom-up effect).
Material and Methods
Study site
The study was performed in the Moszne Sphagnum  peat-
land located in the western part of Polesie Lubelskie (eastern
Poland, 51◦ N, 23◦ E). The vegetation of this area is dom-
inated by Eriophorum  vaginatum  (L.), Carex  acutiformis
Ehrhart., Carex  gracilis  Curt., Sphagnum  angustifolium
(C.C.O. Jensen ex Russow), Sphagnum  cuspidatum  Ehrh. ex
Hoffm., and Polytrichum  sp. The mean air temperatures in
May and July were 14.1 ±  3 ◦C and 17.9 ±  4 ◦C, respectively.
The mean monthly rainfall ranged from 551 mm in May to
420 mm in July and peat porosity ranged from 94% to 96%.
Abiotic variables
At the start and end of the experiments, tempera-
ture, electrolytic conductivity (EC), pH, dissolved oxygen
(DO), chlorophyll a, soluble reactive phosphorus (P-PO43−),
ammonia nitrogen (N-NH4) and total organic carbon (TOC)
were measured. Physical and chemical analyses were per-
formed according to standard methods for hydrochemical
analyses (Golterman 1969). Temperature, EC, pH and DO
were assessed at the sites with a multiparametric probe
(Hanna Instruments), P-PO43− was determined by the
colorimetric method, and N-NH4 by Kjeldahl’s method.
Chlorophyll a  concentration was determined by spectro-
photometric analysis of acetone extracts of algae retained on
Whatman GF/F filters (0.7 m, 2.5 cm diameter) according to
Golterman (1969). Total organic carbon (TOC) analysis was
performed with an OI Corporation Model 700 TOC analyzer.
Field experiments
Field experiments using intact natural communities can
help to identify the various direct and indirect effects of
trophic levels on microbial populations and communities.
In this experiment we manipulated rotifers and copepods
– RC, and macroinvertebrates (chironomid larvae) – MA.
Microcosm experiments were performed during two periods,
in May and July 2013. The first experiment was conducted
from 7 to 20 May (Exp. 1) and the second from 14 to 27 July
(Exp. 2) 2013. Twelve 30 l polyethylene enclosures (15 cm
in depth), closed at the bottom and fixed to a wooden frame,
were placed in Sphagnum  hollows. Samples were collected
from a total of twelve experimental enclosures (six control
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enclosures and six with filtered water). In each of the experi-
mental periods (May and July) six experimental variants were
conducted (three enclosures constituted the control sample
and three contained filtered water). Three enclosures were
gently filled with surface water (control treatment). In addi-
tion to these, three enclosures were filled with peatland water
filtrated through 50 m mesh in order to remove RC and
MA (removal treatment). Each experimental treatment was
prepared in three enclosures. In order to maintain habitat con-
ditions similar to natural ones, 10 g w m of S.  angustifolium
moss from a Sphagnum  hollow, which is dominant in these
microhabitats, was added to the samples. Control samples
where added the moss directly, whereas it was placed in a
plastic container, rinsed several times with water and shaken
gently before being added to the removal treatments. Excess
water was then passed through a filter with 10 m pore size
to remove micro- and macroorganisms inhabiting the moss.
The water used for rinsing was taken from Sphagnum  hollows
and was also passed through a filter with 10 m pore size to
eliminate protozoans and small metazoans. Testate amoebae
and ciliates were acquired from the sample obtained by fil-
tration of the moss and water in laboratory conditions using
a stereoscopic microscope and micropipettes, and were then
added to the removal treatments at a density similar to their
natural density (observed in the control sample on the first day
of the experiment). To stabilize the environmental conditions
in the removal treatments, microorganisms were introduced
24 h after the individual experimental treatments were set up.
To evaluate the abundance of individual communities of orga-
nisms in the experimental treatments, water with Sphagnum
moss was sampled using a Plexiglas corer (length 0.15 m,
Ø50 mm) placed in the bog with mosses. After the tube was
filled with water its lower end was closed with a bung. Next
the tube was raised vertically, the lower bung was removed
and the water samples were collected using a glass pipette.
The Plexiglas corer was closed at each end with a cork and
then water samples were collected using a glass pipette. Each
sampling session included the collection of three replicate
samples from each enclosure. Peatland water samples taken
from each enclosure were mixed (vol/vol) and the integrated
sample was treated as representative for the mesocosm.
Microorganisms were extracted from samples using the
following extraction method (Jassey et al. 2013). To extract
the different groups of micro- and macroorganisms from the
moss, each sample was first shaken for 1 min with a vortex
and then filtered through a 250-m mesh filter. All fractions
were combined to obtain a final composite sample of 40 mL.
The manipulated enclosures were sampled for 14 days in the
peatland. The abundance of bacteria, heterotrophic flagellates
(HNF), testate amoebae and ciliates and the concentration of
chlorophyll a  were observed with daily sampling for 14 days.
The development of the phycoflora (algae and cyanobacteria),
rotifer, crustacean, and macroinvertebrate communities was
observed at the beginning and the end of the experiment.
Chlorophyll a was determined spectrophotometrically after
extraction with ethanol (Golterman 1969).
The abundance of phycoflora (algae and cyanobacteria)
was determined using light microscopy in a 1-mL plank-
ton chamber. Prior to phycoflora counting water samples
(100 mL) were fixed with a 4% formalin–glycerine solution
and concentrated by 48 h settlement. 100 m of filamentous
species and one colony of coccoid taxa were recognized as
individuals. The biomass of the microalgae was estimated
by cell volume measurements (Hillebrand et al. 1999). Taxo-
nomic identification of live and fixed material was carried out.
Algal systematics were based on Van den Hoek et al. (1995).
Bacteria and flagellates were fixed and counted using pro-
tocols by Porter and Feig (1980) and Caron (1983). The
abundance and biomass of the bacteria were determined using
DAPI – 4′6-diamino-2-phenylindole. 10 mL of water was
preserved in formaldehyde at a final concentration of 2%
and kept in darkness at 4 ◦C. Preparations were made within
24 h after sampling. Sub-samples of 2 mL were condensed
on polycarbonate filters coloured with Irgalan black (pore
diameter of 0.2 m).
The abundance and biomass of the flagellates were deter-
mined with primuline solution. 10 mL of water was collected
into dark sterilized bottles. The samples were preserved in
formalin at a final concentration of 2% and kept in dark-
ness at 4 ◦C. Four preparations were made from each sample.
Sub-samples of 10 mL were condensed on black Nucleopore
filters with 0.8 m pore size.
The abundance of testate amoebae, ciliates, rotifers and
copepods and their community composition were determined
using Utermöhl’s method (Utermöhl 1958). For rotifers and
copepods 2 L samples were filtered through a plankton net
of 40 m mesh size. Protozoa (testate amoebae and cil-
iates) samples (whole sample = 500 mL) were sedimented
for 24 h in a cylinder sealed with parafilm, and then the
upper volume of 400 mL was gently removed. To deter-
mine density and biomass, three samples were preserved with
Lugol’s solution. Observation of live samples was used for
taxonomic identification. Ciliates are highly perishable and
their type of motility is a species-specific feature; for this
reason, species determination and measurements were car-
ried out on live material immediately upon return to the
laboratory, following silver impregnation (Augustin et al.
1984). Morphological identification of the testate amoebae
and ciliates was mainly based on works by Foissner and
Berger (1996), Foissner et al. (1999), Charman et al. (2000)
and Clarke (2003). Bacterial biomass and size were deter-
mined by automated image analysis as described in Felip
et al. (1995). Biovolumes of each microbial community
were estimated by assuming geometric shapes and con-
verting to carbon using the following conversion factors:
heterotrophic bacteria – 1 m3 = 5.6 ×  10−7 g C; flagellates
– 1 m3 = 2.2 × 10−7 g C; and ciliates and testate amoebae
– 1 m3 = 1.1 ×  10−7 g C (Gilbert et al. 1998). Biomass
of rotifers was calculated using standard dry weights from
Bottrell et al. (1976). In the laboratory, the classification and
counts of crustaceans were made with a Sedgewick–Rafter
counting cell. Copepod biomass was estimated on the basis
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of the relations between the body length and body mass of a
given specimen (Bottrell et al. 1976) using established math-
ematic formulas. Carbon content of rotifers and copepods
was calculated using a conversion factor of 0.48 g C per g
dry weight (Andersen and Hessen 1991).
Samples of chironomid larvae were collected using a Per-
spex tube. After the tube was filled with water its lower
end was closed with a bung. Next the tube was raised verti-
cally, the lower bung was removed and the water was passed
through a sieve (mesh size 100 m). Midge larvae collected
with the water remained on the sieve. Next all collected lar-
vae were put in small plastic bottles and preserved in a 4%
formaldehyde solution. One sample consisted of three tube
subsamples. In the laboratory, larvae were measured, counted
and identified according to the classification by Wiederholm
(1983).
Each time, at least 10 individuals were removed from the
samples for gut content analysis. The larvae were rinsed to
remove any surface debris, decapitated and dissected along
the length of their body, and then placed in Eppendorf tubes
filled with filtered water (GF/C filter). The gut content of
a single larva was pooled in one tube. Next, the tubes were
fixed on a shaker for 20 min to dislodge the gut contents from
the digestive tube tissues. For identification, gut content solu-
tions were put in a 10 mL counting chamber and then filled
with filtered water (GF/C). After settling, the components of
the gut content were identified, counted and measured under
an inverted microscope equipped with a calibrated microme-
tre. The abundance of the microorganisms was determined
using DAPI. The relative biomasses of algae, ciliates, tes-
tate amoebae and rotifers present in the gut were assessed
as a percentage ratio of the total number of cells (filaments)
of each group of organisms to the total number of particles
counted on the slide.
Data analyses
The effect of time and the presence of grazers (RC and
MA) on the abundance of microbial communities was verified
using two-way repeated measures ANOVA (time, treatment).
When significant differences were observed, Bonferroni’s
post hoc test (Quinn and Keough 2002) was performed. The
initial critical probability value was set at p  < 0.05/n, where
n = number of tests per experiment (n  = 14). We used non-
parametric Spearman rank correlation analysis to specify the
trophic interactions between the components of the peatland
food web. The analysis was performed using STATISTICA
8.0 (StatSoft Inc. 2007).
Results
Physical and chemical variables
The physical and chemical water properties (pH, EC, P-
PO43−, and DOC) showed no significant variation between
the experimental variants. Water pH in the experimental vari-
ants varied from 4.8 to 5.3. EC ranged between 26.3 S cm−1
and 34.2 S cm−1, whereas phosphate concentration ranged
from 0.022 to 0.025 mg L−1. Substantial variation between
experimental variants and/or seasons was recorded in the case
of water temperature, ammonium nitrogen, and chlorophyll
a (Table 1). A considerably higher increase in water tem-
perature was recorded in the experiment conducted in July
in comparison to the May experiment. Irrespective of the
study season, significantly higher concentrations of ammo-
nium nitrogen occurred in the control sample, amounting
to 0.456–0.506 mg L−1. In the other experimental variants,
ammonium nitrogen concentrations varied from 0.345 to
0.379 mg L−1. Chlorophyll a  concentration increased in
both treatments during the experiment, and ranged from
16.35 g L−1 to 23.08 g L−1. The final chlorophyll a  con-
centration in the control treatment increased to 23.08 g L−1
and to 19.87 g L−1 in the RC and MA removal treatment
(Table 1).
Abundance
During the experiments, two consecutive stages were
observed in RC. The beginning of the first experiment
was distinguished by the dominance of rotifers – relatively
unselective microfiltrators, with a large contribution of Bdel-
loidea, Lecane  sp., Brachionus  sp. and Keratella  quadrata
(Müller, 1786). Keratella, Lecane, Brachionus  and many
bdelloids can effectively control abundance of bacteria and
protozoans. At the end of the May experiment, there was a
decrease in abundance of rotifers in the control sample (from
12 to 4 ind. mL−1) and a marked increase in the abundance
of algivorous and predacious copepods (adult and copepodite
stages), which persisted in July (from 6 ind. mL−1 at the end
of the experiment in May to 16 ind. mL−1 at the end of the
experiment in July) (Fig. 1a, b). Irrespective of the time of
the experiment (May or July), the abundances of chironomid
larvae in the control samples attained the highest values at
the beginning of the experiment and decreased at the end of
the experiment, with the highest abundances noted in July
(14 ind. mL−1) (Fig. 1c). The total abundance of chironomid
larvae, both at the beginning and the end of the experi-
ments, was mainly dominated by larvae of Psectrocladius
sordidellus gr. Irrespective of the time of the experiment (May
or July), abundance of algae significantly increased in the
removal treatment in comparison with the control treatment
(Fig. 1d), but there was a change in the dominance structure
of algae, and in both the control and removal treatments there
was an increase in the contribution of cyanobacteria (Table 2).
In the second experiment the algae community was dom-
inated by desmids (Cosmarium  spp., Zygnematophyceae,
Chlorophyta) and small-sized cyanobacteria (Aphanotheceae
minutissimum), and their abundance increased during the
experiment. At the end of the experiment an increased pro-
portion of cyanobacteria, as well as a decreased number of
diatoms, were observed in the control samples (Table 2).
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During the experiment conducted in May, bacterial abun-
dance decreased in the control and removal samples over
the time of the experiment (from 4.5–4.7 ×  106 cells mL−1 to
3.6–3.8 ×  106 cells mL−1). Only in the control sample abun-
dance of these microorganisms had increased by day 8 of
the experiment (Fig. 2a). Abundance of heterotrophic flag-
ellates (HNF) was significantly higher in the control groups
than in the removal treatments, showing marked variation
over the course of the experiment. In the control sample a
significant increase in the abundance of flagellates occurred
on day 2 as well as between days 7 and 12 of the exper-
iment. In the removal treatments the highest abundance of
these microorganisms occurred on days 6 and 7 of the exper-
iment, followed by a pronounced decrease (Fig. 2b). The
abundance of testate amoebae was significantly higher in the
removal treatment than in the control. In the control treat-
ment, testate amoebae abundance first increased reaching a
peak on the second experimental day, and then decreased.
In the removal treatment the abundance of testate amoe-
bae increased only slightly between days 2 and 12 of the
experiment (Fig. 2c). Total ciliate abundance was consid-
erably higher in the removal treatment than in the control
(Fig. 2d). Protozoa in the control sample attained their highest
abundance at the start of the experiment; later their abun-
dance decreased and did not increase again until the end
of the experiment (days 13–14). In the removal treatment
pronounced changes were observed in the abundance of cili-
ates. Their abundance increased on days 2 and 7, respectively,
decreased substantially on day 8, and increased again at the
beginning on day 9 (Fig. 2d). During the experiment con-
ducted in May, changes were also noted in the taxonomic
composition of protozoa, which were less dynamic in the
testate amoeba community. The testate amoebae commu-
nity in the control and removal treatments was dominated
by Hyalosphenia  elegans  (Leidy, 1874), Archerella  flavum
(Archer, 1877), and Assulina  muscorum  (Greeff, 1888). At
the end of the experiment, a considerable decrease in the
abundance of smaller taxa was recorded in the control sample
(including A.  flavum). In the removal treatment the abun-
dance of particular amoebae species showed little variation
over the course of the experiment. Only A.  flavum  showed an
increase in abundance between days 4 and 11 of the exper-
iment (Fig. 3a, b). The ciliate community was dominated
by the mixotrophic Strombidium  viride, bacterivorous scu-
ticociliates Cinetochilum  margaritaceum  (Ehrenberg, 1831)
and Uronema  sp., as well as the bacterivorous and algivo-
rous Colpodea species Colpoda  cucullus  (Muller, 1773). In
the control treatment the highest abundances were attained
by S.  viride, the abundance of which fell sharply during the
course of the experiment. In the removal treatment, the abun-
dance of most of the ciliate species analyzed increased, with
small scuticociliates (C.  margaritaceum  and Uronema  sp.)
attaining the highest abundance (Fig. 4a, b).
During the second experiment (14 July–27 July), abun-
dance of crustaceans increased markedly in the control
sample, with dominance of Eudiaptomus  graciloides  (Sars,
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Fig.  1.  Initial and final abundances of (a) rotifers, (b) copepods, (c) chironomid larvae and (d) algae in the control and RC MA removal
treatment enclosures (mean ±  SD).
1863) and Cyclops  sp. (Fig. 1b). Abundance of bacteria
attained its highest values in the removal treatment, but
decreased over time irrespective of the experimental treat-
ment (Fig. 2a). Abundances of heterotrophic flagellates
were considerably higher in the control treatment and also
decreased at the end of the experiment, irrespective of the
treatment (Fig. 2b). Only in the removal treatment was there
an increase in abundance of flagellates on day 7 of the exper-
iment. The abundances of testate amoebae and ciliates were
significantly higher in the removal treatment than in the
control (Fig. 2c, d). The testate amoebae community in the
control sample showed a decrease in abundance as early as the
second day of the experiment, while in the removal treatment
the abundance of amoebae did not decrease until day 10. Cil-
iates in the control sample showed a decrease in abundance
between the second and eleventh days of the experiment,
and their abundance did not increase until the end of the
experimental period. In the removal treatment the reverse
Table  2.  Initial and final domination structure of algae in the control and RC MA removal treatment enclosures (% in total phycoflora
abundance).
Taxa Control Removal
7 May 20 May 14 July 27 July 7 May 20 May 14 July 27 July
Bacillariophyceae 14 12 26 23 14 11 27 14
Cosmarium spp. 24 22 12 14 24 18 11 12
Chlorophyta 23 23 20 23 23 23 20 23
Cyanobacteria 21 29 24 31 20 33 27 39
Zygnematophyceae 18 14 18 14 20 15 15 12
392 T. Mieczan et al. / European Journal of Protistology 51 (2015) 386–400
Fig.  2.  Time variations of abundances of (a) bacteria, (b) heterotrophic flagellates, (c) testate amoebae and (d) ciliates in the control and RC
MA removal treatment enclosures (Exp. 1: 7–20 May, Exp. 2: 14–27 July).
tendency was observed as the abundance of ciliates increased
with only a slight decrease on day 8 (Fig. 2d). During the
experiments conducted in July, changes were also noted in
the taxonomic composition of protozoa. As in May, the testate
amoebae community in the control and removal treatments
was dominated by Hyalosphenia  elegans  (Leidy, 1874),
Archerella flavum  (Archer, 1877), and Assulina  muscorum
(Greeff, 1888). At the end of the experiment, a considerable
decrease in the abundance of smaller taxa (A.  flavum) was
recorded in the control sample. In the removal treatment a
slight increase was noted in the abundance of three amoe-
bae species (Fig. 3c). The ciliate community was dominated
by the bacterivorous scuticociliates Cinetochilum  margar-
itaceum (Ehrenberg, 1831) and Uronema  sp., as well as
the bacterivorous and algivorous Colpodea species Colpoda
cucullus (Muller, 1773). In the control treatment the highest
abundance was attained by C.  margaritaceum, the abundance
of which decreased over the course of the experiment. In
contrast, abundance of most ciliate species in the removal
treatment increased. During the second experiment, the num-
ber of small scuticociliates (<20 m) increased as well, while
there was a marked decrease in the contribution of large,
predatory and omnivorous taxa (Fig. 3d).
Effect of  grazers manipulation on lower trophic
levels: abundance
The repeated-measures ANOVA were applied in order
to reveal any significant changes during and between the
treatments with and without RC and MA (Table 3). For bacte-
ria, p-values indicated a strong effect of the time of collection
on their abundance (F  = 83.186, P  < 0.001). The densities of
algae and heterotrophic flagellates varied significantly with
treatment (F  = 54.111, P  < 0.001 and F = 87.316, P < 0.001,
respectively). For testate amoebae, p-values indicated a
strong effect of RC and MA (F  = 413.702, P  < 0.001) and the
time of collection (F  = 470.468, P < 0.001) on their abun-
dances. The densities of small ciliates varied significantly
with time (F  = 41.133, P < 0.001) and treatment (F  = 216.979,
P < 0.001). A significant effect of treatment was also observed
for large ciliates (F  = 42.346, P  < 0.001). The abundances
of RC (F  = 95.462, P < 0.001 and F  = 9.322, P  < 0.001 and
respectively) and MA (F  = 7.957, P < 0.001) were signifi-
cantly dependent on the time of collection. Results of post hoc
tests for comparison of the enclosures are shown in Table 4.
Biomass and size structure
The study results showed a considerably lower biomass
of all of the groups of microorganisms in the control treat-
ments dominated by RC and MA. In both May and July the
application of pre-filtration (removal treatment) particularly
increased the biomass of heterotrophic flagellates, testate
amoebae, and ciliates, and slightly increased the biomass of
heterotrophic bacteria and algae (Fig. 5). There was a major
contribution of copepods to the biomass of the groups of
organisms studied, constituting 34% of the total. Chironomid
larvae accounted for 16% of the total biomass. The greatest
T. Mieczan et al. / European Journal of Protistology 51 (2015) 386–400 393
Fig.  3.  Population dynamics of three dominating testate amoebae species in the control and RC MA removal treatment enclosures (Exp. 1:
7–20 May, Exp. 2: 14–27 July).
biomass amount in all of the experimental variants was noted
in testate amoebae (30–55% of the total biomass). Algae were
the second largest group of organisms (15–20% of the total
biomass), and particularly in the control sample their con-
tribution increased substantially in July. Bacteria constituted
9–11% of the total biomass. Heterotrophic flagellates and
ciliates only accounted for a small proportion of the total
biomass (2% and 4–6%, respectively). Irrespective of the
study period, the contribution of large bacterial cells substan-
tially decreased. The decrease was particularly evident in the
control sample, where at the beginning of the experiment the
contribution of larger bacterial cells was 63%, and at the end
of the experiment only 30%. Irrespective of the study period,
the mean cell size of heterotrophic flagellates in the control
treatment was between 10 and 14 m but markedly smaller
(<10 m) in the removal treatment.
Analysis of diet composition of chironomid
larvae
The diet of P.  sordidellus  gr. in the control treatment
consisted of ciliates (Cinetochilum  sp., Colpidium  colpoda,
Paramecium  sp., and Vorticella  sp.), whose relative abun-
dance in the gut varied between 19% and 31%, and
testate amoebae (A.  muscorum, Corythion  trinema, Difflu-
gia oblonga, H. elegans, and Nebela  sp.), which constituted
from 28% to 35% of total larval food. Moreover, algae, mostly
small diatoms, were an important diet component; their rel-
ative abundances in the gut were high, oscillating between
30% and 47%. In addition, rotifers (Bdelloids, Lecane  sp.)
were found in the chironomid diet. Their relative abundances
in the gut did not exceed 10%. In May, there was an increase
in the contribution of testate amoebae in the gut at the end
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Fig.  4.  Population dynamics of four dominating ciliate species in the control and RC MA removal treatment enclosures (Exp. 1: 7–20 May,
Exp. 2: 14–27 July).
of the experiment, while in July the proportion of ciliates
increased in the diet of the larvae.
Relationships between food web components
Irrespective of the study period, the data analysis revealed
a strong negative relationship between the biomass of bacte-
ria and heterotrophic flagellates in the control treatment
(r = −0.84, P  < 0.01) (Table 5), while the biomass of cili-
ates showed a strong positive correlation with the biomass
of algae, bacteria, testate amoebae, rotifers and chironomids
(r = 0.71, r = 0.79, r  = 0.83, r  = 0.97, and r  = 0.82, P < 0.01,
respectively) and a negative relationship with heterotrophic
flagellates and copepods (r  = −0.78 and r  = -0.67, P  < 0.01).
In addition, we found a significant positive relationship
between the biomasses of rotifers and bacteria and between
the biomasses of testate amoebae and chironomids, and a neg-
ative correlation between the biomass of algae, copepods and
Fig.  5.  Initial and final relative biomass (%) of algae, bacteria, het-
erotrophic flagellates, testate amoebae, ciliates, rotifers, copepods
and chironomid larvae in the control and RC MA removal treatment
enclosures (C – control treatment, R – removal treatment).
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Table  3.  Results of analysis of RM ANOVA for each component
of peatland food web.
DF MS F P-value
Algae
Treatment 2 0.975 54.111 <0.001
Time 2 0.157 3.186 0301
Treatment ×  time 2 0.198 34.021 <0.001
Bacteria
Treatment 2 0.973 0.417 0.662
Time 2 0.157 83.186 <0.001
Treatment ×  time 2 0.998 0.031 0.969
Heterotrophic  flagellates
Treatment 2 0.151 87.316 <0.001
Time 2 0.934 1.089 0.348
Treatment ×  time 2 0.174 73.598 <0.001
Testate  amoebae
Treatment 2 0.036 413.702 <0.001
Time 2 0.031 470.468 <0.001
Treatment ×  time 2 0.029 511.455 <0.001
Small  ciliates  (<20  μm)
Treatment 2 0.066 216.979 <0.001
Time 2 0.273 41.133 <0.001
Treatment ×  time 2 0.091 154.937 <0.001
Large  ciliates  (>50  μm)
Treatment 2 0.267 42.346 <0.001
Time 2 0.951 0.809 0.454
Treatment ×  time 2 0.267 42.346 <0.001
Rotifers
Treatment 2 0.074 193.018 <0.001
Time 2 0.139 95.462 <0.001
Treatment ×  time 2 0.057 255.965 <0.001
Copepods
Treatment 2 0.302 35.752 <0.001
Time 2 0.624 9.322 <0.001
Treatment ×  time 2 0.608 9.976 <0.001
Chironomids
Treatment – – – –
Time 2 0.660 7.957 <0.001
Treatment ×  time – – – –
chironomids and between that of rotifers and of heterotrophic
flagellates and copepods.
In the removal treatment the biomasses of bacteria and
heterotrophic flagellates were strongly positively correlated
(r = 0.77, P  < 0.01) (Table 4). In addition, the biomass of
bacteria was found to be strongly negatively correlated
with that of ciliates and rotifers (r  = −0.82 and r  = −0.88,
P < 0.01). The biomass of heterotrophic flagellates was sig-
nificantly positively correlated with the biomass of testate
amoebae (r = 0.74, P  < 0.01) and negatively correlated with
the biomass of ciliates (r  = -0.95, P  < 0.01) and rotifers
(r = −0.95, P  < 0.01). The biomass of testate amoebae was
strongly negatively correlated with rotifers. In addition the
Table  4.  Results of multiple comparisons post hoc test. Signifi-
cance was judged according to the sequential Bonferroni procedure,
with an initial critical probability value of P  < 0.0036 (14 non-
independent tests in Experiment 1 and in Experiment 2).
Experiment 1 Experiment 2
Algae
Treatment 0.000005 0.000001
Time – –
Treatment ×  time 0.000000 0.000000
Bacteria
Treatment – –
Time 0.000001 0.000001
Treatment ×  time – –
HNF
Treatment 0.000014 0.000000
Time – –
Treatment ×  time 0.000000 0.000000
Testate  amoebae
Treatment 0.000563 0.000528
Time 0.000713 0.002616
Treatment ×  time 0.000010 0.004158
Small  ciliates  (<20  μm)
Treatment 0.000003 0.001584
Time 0.000000 0.001016
Treatment ×  time 0.000000 0.000085
Large  ciliates  (>50  μm)
Treatment 0.000019 0.006847
Time – –
Treatment ×  time 0.000010 0.000000
Rotifers
Treatment 0.000886 0.000746
Time 0.000000 0.000000
Treatment ×  time 0.000000 0.000000
Copepods
Treatment 0.000005 0.002533
Time 0.000742 0.000000
Treatment ×  time 0.000009 0.000000
Chironomids
Treatment – –
Time 0.000947 0.000000
Treatment ×  time – –
biomass of algae was significantly correlated with abundance
of copepods, and biomass of ciliates with biomass of rotifers
(Table 5).
Discussion
Predation impact by chironomid larvae
The analysis of the guts of chironomid larvae showed them
to have a substantial effect on the abundance and biomass of
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Table  5.  Values of Spearman correlation coefficients (R) between components of peatland food web in control and RC MA removal treatment.
Control
Chironomids Copepods Rotifers Ciliates Testate amoebae Heterotrophic flagellates
Algae −0.67** −0.62** ns 0.71** ns ns
Bacteria ns 0.77** 0.68** 0.79** ns −0.84**
Heterotrophic flagellates ns 0.94** −0.72** −0.78** ns
Testate amoebae 0.98** ns 0.91** 0.83**
Ciliates 0.82** −0.67** 0.97**
Rotifers 0.89** −0.61**
Copepods ns
RC MA removal
Copepods Rotifers Ciliates Testate amoebae Heterotrophic flagellates
Algae 0.95** ns ns 0.67** ns
Bacteria ns −0.88** −0.82** ns 0.77**
Heterotrophic flagellates ns −0.95** −0.73** 0.74**
Testate amoebae ns −0.95** ns
Ciliates ns −0.95**
Rotifers ns
ns – not significant.
**Significant at P < 0.01
protozoans, and particularly testate amoebae (top-down reg-
ulation). The microorganisms constituted from 28% to 35%
of the total relative abundances recorded in the guts of the
larvae. A substantial decrease in the abundance of testate
amoebae in the control sample at the end of the experiment
may have affected the other components of the microbial
communities. According to the literature data (Mieczan et al.
2012; Jassey et al. 2013; Marcisz et al. 2014), testate amoe-
bae are considered ‘top predators’ within the microbial food
web in peatland ecosystems. The guts of chironomid larvae
were mainly dominated by amoebae H.  elegans  and Nebela
sp. As shown in a study by Jassey et al. (2013), these species
feed mainly on bacteria, ciliates, and other amoebae. Gilbert
et al. (2003) showed that Nebela  tincta-type amoebae feed
on a wide range of living, senescent, or dead microorganisms
(fungi, microalgae, and other testate amoebae) and on organic
remains. The consumption of testate amoebae by chironomid
larvae also caused a transformation of the trophic structure
of the microorganisms, namely a decrease in the contribution
of bactivorous species and an increase in that of omnivorous
species. Larvae mostly consumed smaller taxa (e.g. Nebela),
leaving testate amoebae taxa with a large shell aperture diam-
eter. The species can feed on ciliates, rotifers, and even small
nematodes, i.e. organisms from higher trophic levels (Jassey
et al. 2013). Therefore, they could contribute substantially to
controlling the abundance of potential consumers of bacteria
and ciliates. The study results show that chironomid larvae
also consumed small rotifers, which constituted from 7% to
10% of the total relative abundance in the guts of the lar-
vae. Consumption of rotifers may also effectively reduce
the potential predatory pressure on ciliates. According to the
literature data, these organisms can consume up to 5 ciliates
per hour (Arndt 1993). Brachionus  may play a key role in
the consumption of small ciliate taxa. Asplanchna  effectively
consume large protozoan taxa (Arndt 1993). Additionally, in
the control treatment the presence of P.  sordidellus  gr. had a
clear effect on algae community structure. This is reflected in
the nearly 30% increase in cyanobacterial abundance in the
control treatment, and the decreased abundance of diatoms.
The heavy predation by P. sordidellus  gr. on rotifers seemed
to cascade down to algae, because in the control treatment a
significant effect of P.  sordidellus  gr. on chlorophyll a  was
shown. Many studies have shown that chironomid larvae
predation can affect algae communities through a cascad-
ing effect (e.g. Fukuharada and Yasuda 1989; Pango et al.
2003). This could have positive effects by reducing her-
bivory or by stimulating algal production through excretion
by predators, thereby regenerating nutrients. According to
the literature data, chironomid larvae can supply from 140 to
305 g N mg dry w−1 d−1 to their surroundings (Fukuharada
and Yasuda 1989). Therefore, they may affect microbial com-
munities through a bottom-up regulation mechanism. Thus
it appears that the higher concentrations of ammonia nitro-
gen in the control sample may have significantly determined
the development of individual components of the food web.
An experimental study by Mieczan et al. (2015) showed
that enrichment of peatbog waters with ammonia nitrogen
caused a nearly eightfold increased in chlorophyll a  concen-
tration and algae biomass, which can be a significant source
of carbon for heterotrophic organisms. A significant increase
was then observed in abundance of bacteria, heterotrophic
flagellates and ciliates.
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Impact of  rotifer and copepod predation
In both mesocosm experiments, the presence of rotifers
and copepods had clear effects on microbial loop commu-
nity structure. While the chironomid larvae were completely
eliminated during pre-filtration, rotifers and crustaceans were
present in small numbers. The presence of these organisms
in the removal treatments may have been a consequence of
transport by wind, rain and birds, which was also observed
by Kalinowska et al. (2010). On the other hand, this may also
have been caused by resting eggs present among Sphagnum
mosses and peat, characteristic of monogonont rotifers and
crustaceans, having entered the removal treatments despite
the use of filtration. Madhupratap et al. (1996) found that
resting eggs of calanoid copepods hatched from sediments
up to 5 cm depth within 24–48 h of incubation. Moreover,
the abundance of crustaceans was only slightly lower in the
removal treatments than in the control treatments, whereas
their biomass increased sharply. This may be linked to the
elimination of the effect of predation pressure caused by
chironomid larvae (Tarkowska-Kukuryk and Mieczan 2008)
and to more favourable dietary conditions (particularly an
increase in algae abundance). An increase in crustacean
biomass together with an increase in the abundance of their
potential food has also been observed in lake ecosystems
(Jürgens et al. 1999). In our study, there was a strong negative
correlation between the abundances of bacteria and flagel-
lates in the control treatment. Significant positive correlations
between the food web components suggested that the main
bacterial consumers were ciliates and rotifers. This is con-
firmed by the fact that the total numbers of ciliates and rotifers
were dominated by bacterivorous and herbivorous taxa. In the
control treatment, due to the relatively high density of ciliates
belonging to Scuticociliatida, they had a crucial effect on the
abundance of bacteria. According to ˇSimek et al. (1995), the
number of bacteria consumed in groups of ciliates is very
large, varying from 380 to as many as 2130 bacteria h−1.
As shown in an experimental study conducted in a shallow
lake in Estonia, ciliates can consume an average of 44 bac-
terial cells ind.−1 h−1. Species of the genus Uronema  can
consume 46, and those of the genus Cyclidium  sp. even 123
bacterial cells ind.−1 h−1 (Kisand and Zingel 2000). Due to
their high abundance, they may have a substantial role in con-
trolling bacterial production. The lack of significant positive
correlations between flagellates and bacteria in the control
treatment could result from the fact that the population of
flagellates was dominated by large forms, often exceeding
10 m. According to Auer and Arndt (2001), large forms of
flagellates feed not only on bacteria but also on algae and
other flagellates. In the control treatment, flagellates could
therefore favour a more autotrophic or mixotrophic manner
of feeding. Significant, positive correlations between bacte-
ria and both ciliates and rotifers indicate that bacteria may be
an appropriate food source for many groups of organisms in
peatlands. A trophic-cascade effect seems to have occurred,
in which the bacteria were favoured by the predation pressure
of rotifers and copepods on flagellates. A reduction in pre-
dation pressure on bacteria by flagellates, resulting from
rotifer and copepod predation on flagellates, has also been
suggested in other studies on humic lakes (Segovia et al.
2014). A particularly marked decrease in the abundance of
protozoans (especially ciliates), but of bacteria and flagel-
lates as well, was observed in July between days 4 and 9 of
the experiment in the control treatment. At this time cope-
pod abundance was recorded. Additionally, we observed an
increase in water temperature with respect to the other study
times. According to the ‘metabolic theory’, predatory activ-
ity increases with temperature, intensifying top-down control
(Brown et al. 2004). Therefore, it is probable that an increase
in the effectiveness of consumption by top predators caused a
decrease in the abundance and biomass of most components
of the microbial loop. The increase in predatory pressure at
the end of the experiments was reflected in the transforma-
tion of the size structure of ciliates. At the beginning of the
experiments large taxa (>50 m) were dominant, but at the
end the contribution of small bactivorous taxa had increased
(<20 m). Similar patterns have also been observed in limnic
and marine ecosystems (Mancinelli et al. 2002; Zöllner et al.
2009). Changes in the abundance of individual ciliate taxa
may also have resulted from trophic interactions within this
group of organisms. A study by Jürgens et al. (1999) showed
that the abundance of small ciliate species such as Halteria
may be successfully controlled by large predatory species.
Our study also shows that large predatory or omnivorous cil-
iates (Monodinium  sp. czy Paradileptus  elephantinus) may
control the abundance of small-sized taxa. This is particularly
reflected in July, when in both the control and filtered sam-
ples there was a marked increase in the abundance of small,
bactivorous taxa accompanied by a decrease in large preda-
tory ciliates. Heterotrophic nanoflagellates (HNF) were not
controlled by RC, but rather by testate amoebae and ciliates,
because HNF were more abundant in the control treatment.
Trophic relations in the removal treatment were different
from those observed in the control. The abundance of
heterotrophic flagellates was significantly correlated with
the numbers of bacteria. The treatment was dominated by
small forms of flagellates, which probably effectively control
the abundance of bacteria. Similar patterns were observed in
the lakes of north-eastern Germany (Auer and Arndt 2001).
Negative correlations between bacteria – ciliates and bacteria
– rotifers in the removal treatment indicate the possibility
of another factor (e.g. algae and flagellates) responsible for
controlling biomass of bacteria. In the removal treatments
the abundance of testate amoebae and ciliates increased. The
abundance of bacteria did not vary significantly within either
of the two experiments. At the end of both of the experiments,
however, the abundance of these microorganisms decreased.
This may suggest that protozoans were grazing on bacteria.
A transformation of the size structure of bacteriocoenoses
also occurred. The control treatment was dominated by
bacteria with a size of >1 m, while in the other experimental
variants the contribution of small cells of <0.5 increased.
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Such a transformation of the size structure may result from
the activation of defensive mechanisms against predation
pressure. Similar patterns have also been observed in limnic
ecosystems (Hahn and Höfle 2001; Heckmann et al. 2012).
According to Gilbert et al. (1998) and Mitchell et al. (2003),
small rotifers and copepods are known to prey intensively on
protozoans and can easily affect their abundance. Body size
is a fundamental indicator of position in the food web. Larger
species generally occupy higher trophic levels and consume
a variety of food resources, while smaller species occupy
lower levels of the food web and display greater dietary
specialization (e.g. bactivory) (Brose et al. 2012). It appears
that the dominance of small rotifers in the removal treatments
may have significantly controlled the abundance of bacteria.
Strong predation pressure is confirmed not only by the
decrease in abundance of bacteria but also by the modifica-
tion of their size structure. The field experiment suggests that
crustacean copepods had a strong impact on the abundance
and structure of the testate amoebae and ciliate assemblages.
The shift in the domination structure of potential predators
between the two experiments, from dominance of rotifers
to dominance of copepods, may have been the decisive
factor for the reduction in protozoan abundance. The first
experiment confirms the general observation of protozoans
and rotifers frequently co-occurring in high abundance in
freshwater ecosystems (Arndt 1993). Rotifers serving as
an alternative food source for copepods represent another
indirect positive effect on protozoans (Jack and Gilbert
1997). The second experiment provided much clearer data
regarding the impact of rotifers and copepods on the testate
amoeba and ciliate communities. The impact of copepods,
which increased during the second experiment, affects a wide
range of prey sizes and most groups of protozoans. Copepods
have been observed to prefer large protozoans to smaller
ones (Vincent and Hartmann 2001). This may explain why
small-sized protozoans dominated the peatland investigated.
Conclusions
This study is the first to show a substantial impact of
chironomid larvae, rotifers and copepods on microorganism
communities in peatland ecosystems. The impact is reflected
in both a decrease in the abundance and biomass of proto-
zoans and a transformation of the taxonomic composition of
algae and the size structure of bacteriocoenoses. The drastic
reduction in the abundance of testate amoebae and rotifers by
the larvae also has a cascade effect on small protozoans and
bacteria. Chironomid larvae predation can affect algae com-
munities through a cascading effect. It could have positive
effects by reducing herbivory or by stimulating algal pro-
duction through excretion by predators, thereby regenerating
nutrients. Therefore, they may affect microbial communities
by bottom-up control. This effect is particularly important
in the spring and summer, when chironomid larvae attain
their greatest abundance. Future research should also take
into account the effect of meiofauna on the microorganism
structure of the food web in peatland ecosystems, as litera-
ture data show that in some types of peatland this group can
attain substantial numbers (Jassey et al. 2013).
Acknowledgement
This work was financed by the National Science Centre,
Poland, under project no. 2012/05/B/NZ8/01263.
References
Amalfitano, S., Coci, M., Carno, G., Luna, G.M., 2015. A micro-
bial perspective on biological invasion in aquatic ecosystem.
Hydrobiologia 746, 13–22.
Andersen, T., Hessen, D.O., 1991. Carbon, nitrogen and phospho-
rus content of freshwater zooplankton. Limnol. Oceanogr. 36,
807–814.
Arndt, H., 1993. Rotifers as predators on components of the micro-
bial web (bacteria, heterotrophic flagellates, ciliates) – a review.
Hydrobiologia 256, 231–246.
Augustin, H., Foissner, W., Adam, H., 1984. An improved pyrid-
inated silver carbonate method which need few specimens and
yields permanent slides of impregnation ciliates (Protozoa, Cili-
ophora). Mikroskopie 41, 134–137.
Auer, B., Arndt, H., 2001. Taxonomic composition and biomass of
heterotrophic flagellates in relation to lake trophy and season.
Freshw. Biol. 46, 959–972.
Azam, F., Fenchel, T., Field, J.G., Gray, J.S., Mayer-Reil, L.A.,
Thindstad, F., 1983. The ecological role of water-column
microbes in the sea. Mar. Ecol. Progress Ser. 10, 257–263.
Błe˛dzki, L., Ellison, M.A., 2003. Diversity of rotifers from north-
eastern USA bogs with new species records from North America
and New England. Hydrobiologia 497, 53–62.
Bottrell, H.H., Duncan, A., Gliwicz, Z.M., Grygierek, E., Herzig, A.,
Hillbricht-Ilkowska, A., 1976. A reviewer of some problems in
zooplankton production studies. Norweg. J. Zool. 24, 419–456.
Bragazza, L., Freeman, C., Jones, T., Rydin, H., Limpens, J., Fen-
ner, N., Ellis, T., Gerdol, R., Hàjek, M., Iacumin, P., Kutnar,
L., Tahyanainen, T., Toberman, H., 2006. Atmospheric nitro-
gen deposition promotes carbon loss from peat bogs. Proc. Natl.
Acad. Sci. U. S. A. 103, 19386–19389.
Brose, U., Dunne, J.A., Montoya, J.M., Petchey, O.L., Schnei-
der, F.D., Jacob, U., 2012. Climate change in size-structured
ecosystems introduction. Philos. Trans. R. Soc. Biol. Sci. 367,
2903–2912.
Brown, J., Gillooly, J., Allen, A., Savage, V., West, G., 2004. Toward
a metabolic theory of ecology. Ecology 85, 1771–1789.
Brown, L.E., Edwards, F.K., Milner, A.M., Woodward, G., Ledger,
M.E., 2011. Food web complexity and allometric scaling
relationships in stream mesocosms: implications for experimen-
tation. J. Anim. Ecol. 80, 884–895.
Caron, D.A., 1983. Technique for enumeration of heterotrophic and
phototrophic nanoplankton, using epifluorescence microscopy
and comparison with other procedures. Appl. Environ. Micro-
biol. 46, 491–498.
Carpenter, S.R., Kitchell, J.F., Hodgson, J.R., 1985. Cascad-
ing trophic interactions and lake productivity. Bioscience 35,
634–639.
T. Mieczan et al. / European Journal of Protistology 51 (2015) 386–400 399
Charman, D.J., Hendon, D., Woodland, W., 2000. The Identification
of Testate Amoebae (Protozoa: Rhizopoda) in peats. Quatenary
Research. Technical Guide, London, UK.
Clarke, K.J., 2003. Guide to the Identification of Soil Protozoa –
Teatate Amoebae. Freshwater Biological Association, London,
UK.
Davine, J.A., Vanni, M.J., 2002. Spatial and seasonal variation in
nutrient excretion by benthic invertebrates in a eutrophic reser-
voir. Freshw. Biol. 47, 1107–1121.
Enterkin, S.A., Wallace, J.B., Eggert, S.L., 2007. The response of
Chironomidae (Dipetra) to a long term exclusion of terrestrial
organic matter. Hydrobiologia 575, 401–413.
Felip, M., Sattler, B., Psenner, R., Catalan, J., 1995. Highly active
microbial communities in the ice and snow cover of high moun-
tain lakes. Appl. Environ. Microbiol. 61, 2394–2401.
Foissner, W., Berger, H., 1996. A user-friendly guide to the ciliates
(Protozoa, Ciliophora) commonly used by hydrobiologists as
bioindicators in rivers, lakes and waste waters, with notes on
their ecology. Freshw. Biol. 35, 375–470.
Foissner, W., Berger, H., Schaumburg, J., 1999. Identification and
Ecology of Limnetic Plankton Ciliates. Informationsberichte des
Bayer. Landesamtes für Wasserwirtschaft, München, Germany.
Francez, A.J., 1986. Sphagnum  microfauna in two peatbogs of the
French Massif Central. Suo 37, 1–6.
Fukuharada, H., Yasuda, K., 1989. Ammonium excretion by some
freshwater zoobenthos from a eutrophic lake. Hydrobiologia
173, 1–8.
Gilbert, D., Amblard, C., Bourdier, G., Francez, A.J., 1998. The
microbial loop at the surface of a peatland: structure, functioning
and impact of nutrients inputs. Microb. Ecol. 35, 89–93.
Gilbert, D., Mitchell, E.A.D., Amblard Ch Bourdier, G., Francez,
A.J., 2003. Population dynamics and food preferences of the Tes-
tate amoebae Nebela  tincta  major-bohemica-collaris Complex
(Protozoa) in Sphagnum  peatland. Acta Protozool. 42, 99–104.
Golterman, H.L., 1969. Methods for Chemical Analysis of Fresh-
waters. Blackwell Scientific Publications, Oxford, Edinburgh,
UK.
Hahn, M.W., Höfle, M.G., 2001. Grazing of protozoa and its effect
on populations of aquatic bacteria. FEMS Microb. Ecol. 35,
113–121.
Heckmann, L., Drossel, B., Brose, U., Guill, C., 2012. Interactive
effects of body-size structure and adaptive foraging on food-web
stability. Ecol. Lett. 15, 243–250.
Hillebrand, H., Dürselen, C.D., Kirschtel, D., Pollingher, U.,
Zohary, T., 1999. Biovolume calculation for pelagic and benthic
microalgae. J. Phycol. 35, 403–424.
Hirabayashi, K., Wotton, R.S., 1999. Organic matter processing by
chironomid larvae (Diptera: Chironomidae). Hydrobiologia 382,
151–159.
Hoekman, D., 2010. Relative importance of top-down and bottom-
up forces in food webs Sarracenia pitcher communities at a
northern and southern site. Oecologia 4, 1073–1082.
Jack, J.D., Gilbert, J.J., 1997. Effects of metazoan predators on cili-
ates in freshwater plankton communities. J. Eukaryot. Microbiol.
44, 194–199.
Jassey, V.E.J., Meyer, C., Dupuy Ch Bernard, N., Mitchell, E.A.D.,
Toussaint, M.L., Metina, M., Chatelain, A.P., Gilbert, D., 2013.
To what extent do food preferences explain the trophic posi-
tion of heterotrophic and mixotrophic microbial consumers in a
Sphagnum  peatland. Microb. Ecol. 66, 571–580.
Jürgens, K., Skibbe, O., Jeppesen, E., 1999. Impact of meta-
zooplankton on the composition and population dynamics of
planktonic ciliates in a shallow, hypertrophic lake. Aquat.
Microb. Ecol. 17, 61–75.
Kalinowska, K., Ejsmont-Karabin, J., Rybak, I., 2010. The role of
lake shore sand deposits as bank of ciliate, rotifers and crustacean
resting forms: experimental approach. Pol. J. Ecol. 58, 323–332.
Karus, K., Feldmann, T., Nõges, P., Zingel, P., 2014. Ciliate com-
munities of a large shallow lake: association with macrophyte
beds. Eur. J. Protistol. 50, 382–394.
Kisand, V., Zingel, P., 2000. Dominance of ciliate grazing on bacte-
ria during spring in a shallow eutrophic lake. Aquat. Microb.
Ecol. 22, 135–142.
Lawrence, J.M., Gresens, S.E., 2004. Food web response to nutri-
ent enrichment in rural and urban streams. J. Freshw. Ecol. 3,
375–385.
Lencioni, V., Rossaro, B., 2005. Microdistribution of chironomids
(Diptera: Chioronomidae) in Alpine streams: an autoecological
perspective. Hydrobiologia 533, 61–76.
Maasri, A., Fayolle, S., Franquet, E., 2010. Algal foraging by
a rheophilic chironomid (Eukiefferiella  claripennis  Lundbeck)
extensively encountered in high nutrient enriched streams. Fun-
dam. Appl. Limnol. 177, 151–159.
Madhupratap, M., Nehring, S., Lenz, J., 1996. Resting eggs of zoo-
plankton (Copepoda  and Cladocera) from the Kiel Bay and
adjacent waters (southwestern Baltic). Mar. Biol. 125, 77–87.
Mancinelli, G., Costantini, M.L., Rossi, L., 2002. Cascading effects
of predatory fish exclusion on the detritus-based food web of
a lake littoral zone (Lake Vic, central Italy). Oecologia 133,
402–411.
Marcisz, K., Lamentowicz, Ł., Słowin´ska, S., Słowin´ski, M.,
Muszak, W., Lamentowicz, M., 2014. Seasonal changes in
Sphagnum  peatland testate amoebae communities along hydro-
logical gradient. Eur. J. Protistol. 50, 445–455.
Mieczan, T., Tarkowska-Kukuryk, M., Bielan´ska-Grajner, I., 2012.
Hydrochemical and microbiological distinction and function
of ombrotrophic peatland lagg as ecotone between Sphagnum
peatland and forest catchmetn (Poleski National Park, eastern
Poland). Ann. Limnol.- Int. J. Limnol. 48, 323–336.
Mieczan, T., Tarkowska-Kukuryk, M., 2013. Diurnal dynamics of
the microbial loop in peatlands: structure, function and relation-
ship to environmental parameters. Hydrobiologia 717, 189–201.
Mieczan, T., Adamczuk, M., Pawlik-Skowron´ska, B., Toporowska,
M., 2015. Eutrophication of peatbogs: consequences of P and N
enrichment for microbial and metazoan communities in meso-
cosm experiments. Aquat. Microb. Ecol. 74, 121–141.
Mitchell, E.A.D., Gilbert, D., Buttler, A., Amblard, C., Grosverinier,
P., Gobat, J.M., 2003. Structure of microbial communities in
Sphagnum  peatlands and effect of atmospheric carbon dioxide
enrichment. Microb. Ecol. 46, 187–199.
Miyashita, T., Niwa, S., 2006. A test for top-down cascade in a
detritus-based food web by litter-dwelling web spiders. Ecolog.
Res. 21, 611–615.
Pango, M., Koffi, M.A., Cecchi, P., Corbin, D., Champalbert, G.,
Saint-Jean, L., 2003. An experimental study of the effect of
nutrient supply and Choaborus  predation on zooplankton com-
munities of a shallow tropical reservoir (Lake Brobo, Côte
d´Ivoire). Freshw. Biol. 43, 1379–1395.
Pinder, L.C.V., 1986. Biology of freshwater Chironomidae. Ann.
Rev. Entomol. 31, 1–23.
400 T. Mieczan et al. / European Journal of Protistology 51 (2015) 386–400
Porter, K.G., Feig, Y.S., 1980. The use of DAPI for identification and
counting aquatic microflora. Limnol. Oceanogr. 25, 943–984.
Robson, T.M., Pancotto, V.A., Scopel, A.L., Flint, S.D., Caldwell,
M., 2005. Solar UV-B influences microfaunal community com-
position in a Tierra del Fuego peatland. Soil Biol. Biochem. 37,
2205–2215.
Rooney, N., McCann, K.S., 2012. Integrating food web diversity,
structure and stability. Trends Ecol. Evol. 27, 40–46.
Segovia, B.T., Pereira, D.G., Bini, L.M., Velho, L.F.M., 2014.
Effects of bottom-up and top-down controls of the tempo-
ral distribution of planktonic heterotrophic nanoflagellates are
dependent on water depth. Hydrobiologia 736, 155–164.
Shurin, J.B., Borer, E.T., Seabloom, E.W., Anderson, K., Blanchette,
C.A., Broitman, B., Cooper, S.D., Halpern, B.S., 2002. A cross-
ecosystem comparison of the strength of trophic cascade. Ecol.
Lett. 5, 785–791.
ˇSimek, K., Bobkova, J., Macek, M., Nedoma, J., 1995. Ciliate graz-
ing on picoplankton in a eutrophic reservoir during the summer
phytoplankton maximum: a study at the species and community
level. Limnol. Oceanogr. 40, 1077–1090.
StatSoft, Inc. (2007) Stat Soft Announces Version 8 of STATIS-
TICA.
Tarkowska-Kukuryk, M., Mieczan, T., 2008. Diet composition
of epiphytic chironomids of the Cricotopus  sylvestris  group
(Diptera: Chironomidae) in a shallow hypertrophic lake. Aquat.
Insects 30, 285–294.
Tarkowska-Kukuryk, M., Mieczan, T., 2014. Distribution and
environmental determinants of chironomids (Diptera, Chirono-
midae) in Sphagnum microhabitats. Pol. J. Environ. Stud. 2,
483–490.
Quinn, G.P., Keough, M.J., 2002. Experimental Design and Data
Analysis for Biologists. Cambridge Univ Press, Cambridge.
Utermöhl, H., 1958. Zur Vervollkommung der quantitativen
Phytoplankton-Methodik. Int. Verein. Limnol. 9, 1–38.
Wickham, S.A., Nagel, S., Hillebrand, H., 2004. Control of epiben-
thic ciliate communities by grazers and nutrients. Aquat. Microb.
Ecol. 35, 153–162.
Wiederholm, T., 1983. Chironomidae of the Holarctic region. Keys
and diagnoses. Part 1. Larvae. Entomologica Scandinavica. Sup-
plement 19. Borgströms Tryckeri AB, Motala.
Woodward, G., Hildrew, A., 2002. Body size determinants of niche
overlap and intraguild predation with a complex food web. J.
Anim. Ecol. 61, 1063–1074.
Van den Hoek, C., Mann, D.G., Jahns, H.M., 1995. Algae. An
introduction to Phycology. Cambridge Univ Press, Cambridge.
Vincent, D., Hartmann, H.J., 2001. Contribution of ciliated micro-
protozoans and dinoflagellates to the diet of three species in the
Bay of Biscay. Hydrobiologia 443, 193–204.
Zöllner, E., Hoppe, H.G., Sommer, U., Jürgens, K., 2009. Effect
of zooplankton-mediated trophic cascades on marine microbial
food web components (bacteria, nanoflagellates, ciliates). Lim-
nol. Oceanogr. 54, 262–275.
